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CHAPTER 1 
Introduction 
1.1.1.  Dihydrogen as a fuel 
Today the major source of energy for transportation is based on non-renewable fossil 
fuels. It is predicted that these resources are finite and may only last for another 50-150 
years if world energy consumption continues to increase at the annual rate of 2.3%.
1
 The 
quest for alternative energy is very challenging, as such resources should be abundant, 
renewable and produced at low cost. Scientists have found that the use of hydrogen as an 
alternative energy resource is very eco-friendly, as combustion of a hydrogen fuel will 
release water as the only byproduct. The use of hydrogen as a fuel has become a reality as 
many hybrid cars are now available in the market. These hydrogen fuel vehicles can be 
operated by hydrogen stored in a tank or by hydrogen generated by a secondary source 
like ethanol, methanol or natural gas.
2
  However, such secondary resources are not 
readily available in nature. Therefore, generation of hydrogen via splitting of a water 
molecule could be more economical as water is an abundant resource in nature.  
 
                               2H2O   O2 + 4H
+
 + 4e     E
o
ox = 1.23 V (NHE) 
3
 
                               4H
+
 + 4e 2H2                          E
o
red = 0 V (NHE) 
                               2H2O  2H2 + O2 
 
However, splitting a water molecule to dihydrogen and dioxygen is an energetically 
unfavorable reaction which involves a +56.64 kJ/mol (+237 kJ/mol) free energy change.
4
 
(the O-H bond dissociation energy is +467kJ/mol) Fortunately, in the presence of light, 
2 
 
photosystem II in green plants is capable of conducting this energetically unfavorable 
reaction in an elegant manner releasing oxygen essential for life on earth.  
 
1.1.2.  Photosynthesis 
The photosystem II consists of three major components; antenna proteins, eanlectron 
acceptor, and an oxygen evolving center to carry out photon absorption, charge 
separation, and water oxidation, respectively. The key component in light harvesting unit 
consists of a triad of chlorophyll multi-units called the P680 complex. In the presence of 
light, P680 gets excited and transfers an electron to the acceptor unit consisting of 
pheophytin, quinone A and B. Ultimately the electron at the acceptor unit is used to 
reduce carbon dioxide to produce biomolecules. The oxidized P680
+
 is one of the best 
oxidizing agents in nature, capable of reaching potentials over 1.2 V (NHE); hence, 
sufficient to carry out water oxidation. Then the redox active tyrosinez (Tyrz) unit gets 
oxidized to regenerate P680. Water oxidation takes place by proton coupled electron 
transfer from the manganese based water oxidation site to reduce the Tyrz in the presence 
of Ca
2+
 and Cl
-
 ions. The charge separation is achieved due to the fast electron transfer 
rate (t1/2 = 20 – 200 ns)
5
 from Tyrz to oxidized P680 so that it can avoid undesirable charge 
recombination of P680 with reduced electron acceptor molecules. In addition to being a 
fast electron donor to P680
+
, Tyrz plays a vital role in regulating the charge balance by 
accepting a proton from the water-manganese cluster coupled with electron transfer. The 
manganese cluster in the photosystem II consists of a CaMn4O5 catalytic core verified by 
X-ray crystallographic and EPR spectroscopic data. The distance from Tyrz to the Mn 
cluster is about 7 - 8 Å and from Tyrz to P680 is about 12 Å.
6
 The cluster undergoes 
3 
 
successive oxidation from S0 to S4 (‘Kok cycle’)
7
 states where S4 denotes the highest 
oxidation state of the cluster after four successive oxidations. Dioxygen is released during 
the transition from the S4  S0 state regenerating the catalyst. According to the literature, 
nucleophilic attack by a water molecule bonded to a Ca
2+
 ion on ‘MnV=O’ results in 
release of dioxygen during the final step.
8
 Even though only 50% of the energy is 
retained at the final charge stabilized state, the lifetimes of the charge transfer reactions 
are extended to a few milliseconds to seconds, providing time enough to produce 
biomolecules.
5a
 Photosystem II is capable of water oxidation at a rate of ~200 water 
molecules per second.
5a
 Therefore, a suitable system inspired by photosystem II should 
consists of three basic components, namely, electron donor (containing a water oxidation 
catalyst), a photosensitizer to capture the light and initiate the reaction sequence, and a 
suitable electron acceptor (containing a proton reduction catalyst to produce dihydrogen) 
as shown in Figure 1.1.  Such a system should, most importantly, be capable of 
separating charge in order to avoid undesired reaction pathways. 
 
 
 
Figure 1.1. Three component system for artificial photosynthesis, adopted from ref.
5a
. 
In many instances ruthenium tris-bipyridyl-based complexes are used as the 
photosensitizer unit.
5a, 9
 The photosensitizer can be coupled to the water oxidation 
catalyst or to a suitable proton reduction catalyst.
10
 The first proton reduction catalyst was 
developed by Espenson et al.
11
 based on [Co
II
(dmgBF2)2] and recent work involves 
4 
 
proton reduction catalysts based on cobalt,
12,13,14
 and iron,
15
 with ligand frameworks 
varying from polypyridyl, oximes and porphyrin as promising candidates. The focus in 
this chapter is to provide a brief summary on types of water oxidation catalysts, tuning of 
catalytic properties by careful structural alterations, mechanistic insights, photocatalysis 
and properties of surface immobilized catlysts.  
 
1.1.3. Types of water-oxidation catalysts 
As mentioned earlier, a suitable water oxidation catalyst should be capable of handling 
four successive oxidations coupled with proton transfer. The first synthetic water 
oxidation catalyst based on ruthenium was developed by Meyer et al. It is well-known as 
the “blue dimer” ([(bpy)2(OH2)Ru
III–O–RuIII(OH2)(bpy)2]
4+
), where two ruthenium 
centers are linked via a µ–oxo bridge.16 Soon after this seminal work, ruthenium-based 
complexes gained attention and were studied intensively as promising catalysts for water 
oxidation. Even though ruthenium is the dominant metal used in most of the water 
oxidation catalysts, other molecular catalysts based on iridium, 
17,18,19
cobalt, 
20,21,20,22,23
 
copper, 
24,25
 iron, 
26,27
 and manganese, 
28,5a,8,29
 have emerged in the literature. The water 
oxidation properties are primarily evaluated by their turnover numbers (TON) (ratio 
between moles of dioxygen produced over moles of catalyst used) and turnover 
frequency (TOF) which demonstrate the stability and the rate of catalysis respectively. 
More stable catalysts indicate higher TON but these do not necessarily show higher TOF, 
and vice versa.  
It is necessary to appreciate water oxidation catalysts bearing metals other than 
ruthenium prior to the detailed discussion on ruthenium water oxidation catalysts. 
5 
 
Catalysts based on iridium-bisphenylpyridine-aqua complexes were first introduced by 
Bernhard and co-workers.
30
 Iridium based water oxidation catalysts bearing bipyridine or 
phenylpyridine and/or cyclopentadiene with halogen at the axial position indicated 
moderate catalytic activity with TON range of several hundreds.
31,17
 On the other hand, 
half-sandwich iridium complexes with pentamethylcyclopentadienyl (Cp*) or any mono 
or bidentate ligand (L) of the type [(Cp*)IrL3]
2+
 (TOF ~50 × 10
3
 s
-1
)
32
 and iridium 
complexes with phenylpyridine and substituted phenylpyridines containing two aqua 
ligands
30
 (TOF ~150 × 10
3
 s
-1
) have shown very effective catalysis with TON over 2000. 
However, there is a possibility that these catalysts could be deactivated via bimolecular 
decay pathways.
30
 In addition, there is a possibility of forming nanoparticles with 
iridium-based water oxidation catalyst that question whether the very high activity 
observed is solely molecular in origin. 
32,4b
 
Since ruthenium is an expensive metal, in term of practical use an alternative 
metal center is required with earth abundant metals. Successful findings include catalysts 
bearing manganese, iron or cobalt centers. The manganese-based water oxidation 
catalysts from the Brudwig lab contain a di-µ-oxo manganese dimer capable of 
generating dioxygen using sodium hypochlorite.
8,29
 
The first cobalt-based water oxidation catalyst was reported by Berlinguette and 
co-workers as a Co
II
 pentapyridine complex with a water molecule at the sixth position.
20, 
33
 They suggested that catalytic current related to the water oxidation is molecular in 
origin; however, the authors did not rule out the possibility of forming nanoparticles near 
the electrode surface.
20
 In addition, Nocera and co-workers have demonstrated a Co
III
 
“hangman” platform based on β-octafluoro corroles as catalysts for water oxidation with 
6 
 
0.81 s
-1
 TOF.
22
 More recently, water oxidation activity was observed for cobalt-
porphyrins with TON ~100 and TOF > 0.1 s
-1
.
21
 
The first evidence for water oxidation by a molecular catalyst bearing an iron 
center was reported by Bernhard, Collins and co-workers.
27
 The catalyst is in a 
pentacoordinated environment with tetraamidomacrocyclic ligand with a water molecule 
occupying the fifth position. This complex exhibited a TOF of 1.3 s
-1
. Later a series of 
hexa coordinated iron complexes consisting of pyridine/amine ligand frameworks with 
two triflate ions in cis orientation indicated impressive catalysis with TON ~300-1000 
and TOF >200 s
-1
.
26
 Interestingly, when the two triflate anions are in trans configurations 
to each other, no catalysis is observed.  
More recently, a copper-based water oxidation catalyst was reported by Mayer 
and coworkers. The catalyst at the resting state consisting of a monomeric 
Cu(Bipy)(OH2) unit and showed an impressive TOF above 100 s
-1
.
25
 Some of the best 
catalysts containing non-ruthenium metal centers are illustrated in Figure 1.2. 
 Most of the molecular catalysts based on earth abundant metals have relatively 
lower activity in terms of TON. Further studies on mechanistic details are expected to 
lead to better catalysts in the future. 
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Figure 1.2. Non-ruthenium water oxidation catalysts.(
17, 29,
 
21,
 
26, 25
 respectively) 
 
1.2.0. Ruthenium water oxidation catalysts 
Ruthenium-based water oxidation catalysts can be categorized as binuclear or 
mononuclear depending on the number of metal centers participating in catalysis. The 
following sections will discuss different catalysts available, water oxidation properties, as 
well as the effect of structure variations on catalysis. 
 
1.2.1. Binuclear ruthenium water oxidation catalysts 
Early work on ruthenium-based water oxidation catalysts was inspired by Meyer’s 
[(bipy)2(H2O)Ru
III
(µ-O)Ru
III
(OH2)(Bipy)2]
4+
 (blue dimer) and, hence, essentially 
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contained two ruthenium centers.
16
 In the presence of Ce
IV
, the “blue dimer” undergoes 
>13 TON.
34
 Despite the low TON, this catalyst is well respected as it provides the four-
electrons, four-protons required for water oxidation by storing two-electrons and two-
protons at each ruthenium center. The catalyst deactivation pathways include breakdown 
of the dimer.
16
 Therefore, dinuclear catalysts created after the blue dimer used more 
stable ligands than a µ-oxo bridge as illustrated in Figure 1.3.      
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3. Dinuclear ruthenium water oxidation catalysts
16, 35, 36,
 
37, 38, 39
 respectively. 
 
The catalyst developed by Tanaka and co-workers used a 
bis(terpyridyl)anthracene (btpyan) ligand to link two ruthenium centers. The octahedral 
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environment around each ruthenium center contained 3,6-di-tert-butylcatechol (tButCat) 
and a water molecule as the axial ligand. This catalyst demonstrated extraordinary 
catalysis with 6730 TON via electrocatalysis at 1.7 V after 40 h.
37
 
The dinuclear catalyst developed by Llobet and coworkers used 
bispyridylpyrazolate (bpp) as the bridging ligand which is coordinated to both 
Ru/terpy/OH2 centers. This demonstrated higher activity towards water oxidation than the 
blue dimer with a TON of 18 in the presence of Ce
IV
.
35
 However, the catalyst is 
deactivated via ligand degradation due to the strong oxidizing environment.  
A year later, the next dinuclear ruthenium water-oxidation catalysts was 
introduced by Thummel and co-workers baring a stable polypyridine ligand, 3,6-bis-[6‘-
(1‘ ‘,8‘ ‘-naphthyrid-2‘ ‘-yl)-pyrid-2‘-yl]pyridazine (bnp) with 4-methyl pyridine as axial 
ligands. In addition to the ligand, the two ruthenium centers are also linked by a chlorido 
bridge. This complex demonstrated an impressive catalysis with a 689 TON after 20h.
40,36
  
Akermark and Sun have developed efficient dinuclear ruthenium catalysts where 
the ruthenium center is coordinated to a negatively charged dicarboxylate bridging 
ligand. This ligand architecture is capable of lowering the water oxidation potential 
significantly. Hence, a very high TON of 4700 was observed.
38a,38b
 When the 1,4-Bis(6´-
COOH-pyrid-2´-yl)phthalazine ligand was used, a record high catalytic TON of 10400 
was reported.
38b
 Recently, Sun and coworkers changed their strategy to bridge two 
ruthenium centers by using axial coordination of the dipyridine or diimidazole linked via 
methylene or -CH2-Ph-CH2- units. An extraordinary catalytic activity is observed with 
TON of 21000.
39
 The enhanced catalytic activity may be due to higher flexibility of the 
dimer compared to the dimers formed with a rigid ligand framework.
39
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1.2.2. Mononuclear ruthenium water oxidation catalysts 
Until recently, it was accepted that the presence of two ruthenium centers is necessary for 
the catalytic activity. In 2005, the first evidence for mononuclear water oxidation 
catalysts was reported by Thummel and coworkers.
36
 The ruthenium center is coordinated 
to 2,6-bisnaphthyridyl-4-tertbutylpyridine (bn-tBut-py) and two 4-methylpyridine which 
are trans to each other and a water molecule coordinated at the sixth position. This 
complex has a 580 TON that is comparable to the similar dinuclear ruthenium catalysts.
36
  
This seminal work revolutionized the field of water oxidation catalysts and over 100 new 
catalysts were introduced during recent years. Mononuclear water oxidation catalysts can 
be divided into four groups based on the ligand framework as indicated in Figure 1.4. 
Catalytic properties of these complexes are listed in Table 1.1. 
 
 
 
 
 
 
 
 
 
 
Figure 1.4. Types of water oxidation catalysts 
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Figure 1.5. Ligands in water oxidation catalysts. 
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Water oxidation catalysts of Type A are the most studied among all. These 
complexes show moderate catalysis, except in the case of complexes with L6 (see Figure 
1.5) where a TON of over 1000 was reported. The catalytic properties were optimized by 
(i) changing the substituents on the ligand based on electron-donating/withdrawing 
properties, and (ii) changing the axial ligands coordinated to the ruthenium center at the 
sixth position. As illustrated in Table 1.1, for Type A water oxidation catalysts, the 
presence of electron-donating groups in the bipyridine moiety decreases the TON while 
electron-withdrawing groups increase the TON.
41,42,43
 However, a higher rate of water 
oxidation is observed in the presence of electron-donating groups.
42,41
 An opposite trend 
was observed when terpyridine is substituted with electron-donating substituents where 
higher TONs than those for electron-withdrawing substituents.
42,44 
However, the observed 
trends are sensitive to the position of the substituent on the ligand framework. A more 
controversial fact is the mechanism of water oxidation for Type A catalysts, where the 
chlorido ligand is occupying an axial position. These “procatalysts” show delay in 
increasing the level of oxygen compared to “catalysts” with an aqua ligand at the sixth 
position.
41
 The observed induction period is suggested as the time taken to convert 
“procatalysts” to an active “catalyst” by replacing the chlorido group by an aqua ligand.42 
However, this observation is highly debated since Type A complexes with iodido ligands 
did not show any induction period.
43
 Interestingly, the TONs for the “procatalysts” are 
not significantly different from aqua-complexes.
43
   
Water-oxidation catalysts of Type B and C consist of tridentate ligands such as 
L10-L12 (see Figure 1.5). In the case of Type B, two 4-methylpyridine ligands and a 
chlorido axial ligand are coordinated to the ruthenium center while complexes of Type C 
13 
 
have bidentate bipyridine ligands present. Surprisingly, only in the case of terpyridine 
catalysis was observed for both Type B and C complexes. In the case of L11 and L12, 
only Type B complexes were active catalysts.
43
 
The best water oxidation properties were observed with Type D complexes. Sun 
and coworkers introduced negatively charged ligands coordinated to the ruthenium 
center. In the presence of negatively charged carboxylate anion, the first oxidation 
potential for the Ru(II)/Ru(III) couple was significantly lowered due to the increased 
electron density. Hence, such catalysts can be oxidized easily by photosensitizers for 
visible-light-driven water oxidation.
45,46
 Ruthenium complexes with L14 (see Figure 1.5) 
displayed the best catalysis relative to L15 and L16. In fact, the best water oxidation 
catalysis with a TON over 55000 was reported for the ruthenium complex with L14 and 
L20 (see Figure1.5) as the axial ligands.
47
 
 
Table 1.1. Catalytic data for mononuclear water oxidation catalysts 
Ligand X TON Kobs (s
-1
) Ref. 
Type A : [Ru(Terpy)(L)X]
n+
 
L1 H2O 270 190 x 10
-4
 
43
 
 Cl 390 20 x 10
-4
 
43
 
 Br 450 150 x 10
-4
 
43
 
 I 570 190 x 10
-4
 
43
 
L2 H2O 50 6.0 x 10
-4
 
42
 
L4 H2O 450 280 x 10
-4
 
43
 
 Cl 400 20 x 10
-4
 
41
 
L5 Cl 66 10 x 10
-4
 
43
 
 Cl 1170 13 x 10
-4
 
43
 
 I 1135 280 x 10
-4
 
43
 
L7 Cl 0 0 
43
 
L8 Cl 0 0 
43
 
L9 Cl 0 0 
43
 
Type A : Substituent effect 
L1-OMe Cl 110  
41
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L1-NO2 Cl 260  
41
 
L1-COOEt Cl 570  
41
 
L1-OMe H2O 100  
42
 
L1-COOH H2O 460  
42
 
Tpy-OMe/L1-H H2O 200  
42
 
Tpy-tBut/L1-H Cl 667  
43
 
Tpy-COOH/L1-H H2O 210  
42
 
Tpy-OMe/Bpy-OMe H2O 60  
42
 
Tpy-COOH/Bpy-
COOH 
H2O 200  
42
 
     
       Type B : [Ru(L)(Picoline)2X]
n+
 
L10 H2O 300 370 x 10
-4
 
43
 
 Cl 370 50 x 10
-4
 
43
 
 Br 140 40 x 10
-4
 
43
 
 I 378 1610 x 10
-4
 
43
 
L11 Cl 350 230 x 10
-4
 
43
 
L12 Cl 152 80 x 10
-4
 
43
 
     
Type C : [Ru(L)(L1)X]
n+
 
L11 Cl 0 0 
43
 
L12 Cl 0 0 
43
 
     
     
     
Type D : [Ru(L14)(L17-R)] 
L17-R=-SO3
-
 - 360  
46
 
L17-R=-COOEt - 4800  46 
L17-R =-Br - 4500  46 
L17-R =-H - 580  46 
L17-R =-OMe - 760  46 
L17-R =-N(CH3)2 - 790  
46 
L14/L18  4563  
47
 
L14/L19  401   
L14/L20  55,419   
L15/L17  550 0.23 (TOF) 
45
 
L16/L17  680  
48
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Optimization of catalytic properties of mononuclear water oxidation catalysts 
requires a decent understanding of the accepted catalytic mechanisms. Reaction 
conditions play vital role in determining the dominant catalytic pathways. Therefore, the 
next section will focus on catalytic cycles proposed for mononuclear ruthenium water 
oxidation catalysts with polypyridine ligand architectures.    
 
1.3.1. Catalytic cycle for water oxidation catalysts 
Initial work on water oxidation catalysts was limited to binuclear water-oxidation 
catalysts.
16,49,50
 In the case of the “blue dimer”, the first synthetic water oxidation catalyst 
developed by Meyer and co-workers, the critical O-O bond formation step occurred via 
radical coupling of two high valent “Ru=O” species.16,51 Therefore, initial work on water 
oxidation catalysts essentially focused on complexes with two ruthenium centers. 
However, the discovery of mononuclear water oxidation catalysts challenged the 
necessity of adjacent high-valent “Ru=O” species. The accepted mechanism for 
mononuclear water oxidation catalysts proposed by Meyer et.al involves nucleophilic 
attack by a water molecule on a [Ru
V
=O]
3+
 species to form [Ru
III
-OOH]
2+
.
52,53
 The 
detailed mechanism of water oxidation [Ru(terpy)(bpm)OH2]
+
, where bpm is 2,2’-
bipyrimidine is illustrated in Figure 1.6. According to the mechanism, [Ru
II
-OH2]
2+
 
undergoes two proton coupled electron transfer (PCET) reaction to form [Ru
IV
=O]
2+
 in 
the presence of strong oxidizing agent such as Ce
IV
. Then [Ru
V
=O]
3+
 is formed upon 
further oxidation and undergoes nucleophilic attack by a water molecule to form critical 
the [Ru
III
-OOH]
2+
. Subsequently, it is further oxidized to form the peroxo species, [Ru
IV
-
16 
 
OO]
2+
  which releases dioxygen upon attack by another water molecule to regenerate the 
catalyst.
54,52,55
 This mechanism is supported by spectroscopic and electrochemical data 
along with DFT calculations.
52,53
  
 
 
 
 
 
Figure 1.6. Proposed mechanisms for mononuclear water oxidation catalysts by Meyer 
and co-workers
52,
 
55
 
 
This mechanism suggests that the presence of awater molecule directly 
coordinated to the ruthenium center is crucial for water oxidation. However, 
ruthenium/polypyridine complexes exhibit catalytic turnover comparable to their 
respective aqua species.
52
 Thummel and co-workers introduced the mechanism for such 
“procatalysts” suggesting water nucleophilic attack would lead to the formation of a 
seven-coordinate intermediate. The proposed mechanism is illustrated in Figure 1.7. 
According to the mechanism of [Ru(terpy)(pic.)3]
2+
,
41
 the catalytic cycle is initiated by 
two electron oxidation of [Ru
II
-X]
2+
 to [Ru
VI
-X]
4+
 in the presence of Ce
IV
. This species is 
very susceptible to attack by a water molecule to form seven-coordinate [Ru
IV
-X(OH2)]
4+
 
species. Further oxidation results in formation of [Ru
VI
-X(=O]
4+
 species after two PCET 
17 
 
steps. Then attack of another water molecule lead to the formation of [Ru
VI
-X(=(OOH)]
3+
 
species which subsequently loses dioxygen and a proton to yield the catalyst back. This 
mechanism is supported by DFT calculations. Furthermore, the recovered catalyst 
indicates the presence of the chlorido group, thus supporting the proposed mechanism. 
However, subsequent studies by other research groups suggest replacement of the 
chlorido ligand by a water molecule during the induction period prior entering the 
catalytic cycle.
56,42
 This concept is challenged by a more recent study by Thummel and 
coworkers, as ruthenium/terpyridine/bipyridine complex with iodide ligand axially 
coordinated undergoes water-oxidation without an induction period.
43
 Hence, the 
mechanism for water-oxidation of the iodide complex is likely to involve a seven-
coordinate intermediate Therefore, detailed mechanistic insight is necessary to further 
understand the water –oxidation mechanism of ‘procatalysts’. 
 
 
 
 
 
 
 
Figure 1.7. Proposed mechanisms for mononuclear water-oxidation “procatalysts” with 
(4-methylpyridine, Cl, Br, I)
41
 proposed by Thummel and co-workers 
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1.3.2. Effect of reaction conditions 
Reaction conditions play a critical role in water oxidation catalysis. Berlinguette and co-
workers have carried out extensive study on the effect of the acidity of the media, identity 
of acid and sacrificial oxidant.
57
 As discussed earlier, the rate-determining step for the 
mononuclear ruthenium/polypyridine catalysts at pH = 1 involves oxidation of [Ru
IV
-
OO]
2+
 to release dioxygen and regeneration of the catalyst. However, this step is 
switched to oxidation of [Ru
V
-OO]
3+
 followed by release of dioxygen as the rate-limiting 
step, illustrating the sensitivity of the mechanism towards the pH of the media.
52
 The rate 
of dioxygen evolution follows the trend H2SO4 > CF3SO3H >HClO4 > HNO3. The highest 
rate observed in the HNO3 media is due to the role of NO3
- 
anion in facilitating the 
electron transfer steps and participation in base-assisted concerted atom-proton transfer 
steps.
57
 The use of Ce
IV 
as a sacrificial oxidant is limited to the high pH values due to the 
hydrolysis reactions of Ce
IV
 salts in higher pH values.
57
 Also, the amount of Ce
IV
 used 
depends on the technique employed to follow the reaction. In general, TON 
measurements involve the use of a high Ce
IV
/catalyst (~2000/1) ratio and spectrometric 
measurements often used a much lower Ce
IV
/Catalyst (30/1) ratio.
57
 In addition, Ce
IV
 can 
undergo auxiliary pathways to form complexes with ruthenium leading to the possibility 
of heterogeneous catalysis.
58
 Also it is reported that the use of higher amounts of 
acetonitrile as the solvent would lead to formation of acetonitrile coordinated complexes, 
thus deactivate the catalyst.
42
 Use of sacrificial oxidants in homogenous water oxidation 
has its own strengths and weaknesses. Such oxidants like Ce
IV
 allow rapid measurement 
times; however, catalysts may undergo auxiliary pathways lowering the activity. 
19 
 
Therefore, electrochemical and photochemical activation of water oxidation catalysts is 
more desirable. 
  1.4.0. Catalysis on surface immobilized complexes 
Most of the studies on water oxidation catalysts are focused on developing new catalysts 
and tuning the properties to optimize the catalytic activity. However, the deposition of 
such catalysts onto a conducting/semiconducting surface is largely overlooked. A suitable 
method for immobilizing a catalyst should feature (i) the ability to tolerate a strong 
oxidizing/acidic environment, (water oxidation operates in the potential range 1.29 V-
1.8V)
5a
 (ii) strong adsorption properties to the respective surface, and (iii) fast electron 
transfer steps, which determines catalytic efficiency. Commonly used electrode materials 
include conducting layers such as indium tin oxide (ITO) or fluorine-doped tin oxide 
(FTO) and semiconducting surfaces like TiO2.
9,59,60 
A self-assembled monolayer is 
formed due to covalent interactions between hydroxyl groups on surfaces with anionic 
anchoring groups in catalysts. Carboxylate and phosphonate groups are commonly used 
as anchoring groups.
61
 The stability of phosphonate binding groups are greater than  
carboxylate anchoring groups in the presence of water.
62
 Meyer and coworkers used 
bipyridine ligands substituted with phosphonate groups to anchor the catalyst onto a FTO 
surface. Remarkable catalytic properties were observed for [Ru(Mebimpy)(bpy-
CH2PO3H2)OH2]
2+
 with a TON of ~11000 after 8 h of electrocatalysis at 1.85 V vs. NHE 
in pH = 5 buffer.
63
 A major drawback for the use of phosphonate linkage is instability in 
high pH values due to hydrolysis.
63
 Other methods of surface immobilization involve the 
use of (i) electrostatic attraction forces between positively charged dendrons on a carbon 
nanotube and negatively charged ruthenium/polyoxometalats (POM),
64
 (ii) electro 
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polymerization of monomeric catalysts onto a suitable electrode surface
65
 and (iii) direct 
deposition via drop casting.
37,66
 In most cases, detailed characterization of the surface 
morphology is not reported and the studies are restricted to a monolayer of catalyst. 
Therefore, further studies are required to introduce novel anchoring groups and surfaces 
to carry out electrocatalysis. 
1.5.0. Visible-light driven water oxidation  
The ultimate goal of water oxidation research is to develop a multi-component system 
composed of a water oxidation catalyst, a photo-sensitizer and an electron acceptor. Even 
though extensive research has been carried out with respect to each component, building 
an integrated device is very challenging. The difficulties lie in selecting proper 
components that facilitate fast electron transfer from water to the catalyst, the catalyst to 
photosensitizer and photosensitizer to an electron accept or/anode preventing charge 
recombination.
5a,62
 A long lived excited state of the photosensitizer will result in efficient 
electron transfer from water-oxidation catalyst to the photosensitizer. In order achieve 
charge separation; fast electron-transfer from photosensitizer to electron acceptor (anode) 
is essential. It has been shown that nanocrystalline TiO2 is a good candidate for an anode 
material as electron-transfer from the excited photosensitizer to the conduction band of 
TiO2 is fast, thus granting long lived excited states.
67
 Majority of the photo-anodes used 
in water-oxidation contain [Ru(bipy)3]
2+
 as the photosensitizer on TiO2 surface, thus 
allowing such a device to operate at the scale of visible light.
62, 67
 A photosensitizer and a 
catalyst can be assembled together as co-adsorbed species on surface, 
68,9
 or as an 
integrated system.
69
,
70
 In the first case, Sun and co-workers prepared a self-assembled 
monolayer of [Ru(bipy)3]
2+
 based  photosensitizer and a water-oxidation catalyst onto a 
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FTO/TiO2 surface. This system exhibited a TON of 498 (0.75 µmol of O2) after 500 s of 
light illumination.
68
 The second approach involves an integrated system which consists of 
a dyad of photosensitizer and catalyst linked covalently. Thummel and co-workers have 
illustrated photo-catalytic water-oxidation of a dyad based on the (pyrid-2’-yl)-1,8-
naphthyridine (pynap) ligand, where the ruthenium/terpyridine moiety acts as the catalyst 
and the ruthenium/bipy unit acts as the photosensitizer.
69
 This system yielded a TON of 
134 after 6 h of light illumination in the presence of Na2S2O8 as an electron acceptor.
69
 
1.6.0. Summary and outlook  
There is an extensive research carried out to develop water oxidation catalysts based on a 
variety of metal ions such as Ru, Fe, Ir, Mn, Co, and Cu. However, the majority of the 
catalysts are based on ruthenium. Mononuclear water oxidation catalysts have 
revolutionized the field as such complexes exhibit catalytic activity similar or better than 
binuclear species. A catalytic cycle for such ruthenium/polypyridine catalysts has been 
proposed but more mechanistic studies are required in the case of “procatalysts” in which 
occupy a halogen group occupies the sixth coordination site. Even though, much attention 
is paid for the development of new catalyst and new ligands for water-oxidation, 
considerably few successful examples are available for water oxidation by surface 
immobilized species. Therefore, further studies are necessary in order to develop new 
anchoring groups and techniques to immobilize water oxidation catalysts. The work on 
currently available visible-light driven water-oxidation systems provides valuable insight; 
however, further studies are required to find better photosensitizer-catalyst assemblies to 
perform water-oxidation with higher rates.   
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active site
acceptors
antennae
1.7.0. Research statement and objectives 
Research in the Verani lab, addresses the above mentioned concerns by developing an 
integrated system for water-oxidation (Figure 1.8), consist of an antenna to capture solar 
energy, a catalytic core to do the water-oxidation and an electron acceptor to facilitate 
water-oxidation process on idealized multimetallic system. Furthermore, these modules 
can serve as precursors for self-assembled monolayer (SAM) formation and
71
 Langmuir-
Blodgett (LB) film formation hence target on bridging the gap between solution-based 
and surface-immobilized water oxidation. Therefore, my contribution in the integrated 
system focuses on the antenna/catalytic core which require development of procatalysts 
for oxidation with capability for surface deposition via SAM or LB techniques. My goals 
in this project are as follows: 
 
 
 
 
 
 
Figure 1.8. Integrated system for water oxidation 
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 Goal #1: To assess the role of electron-donating and electron-withdrawing substituent in 
the water oxidation process by terpyridine/phenantroline/ruthenium procatalysts. (results 
presented in Chapter 4) 
In this goal, a series of ruthenium/terpyridine complexes with phenanthroline as the 
capping ligand was tested for water-oxidation. The terpyridine ligand has a Ph-SCH3 
substituent (MeMPTP) in order to deposit these complexes onto a gold substrate via the 
self-assembled monolayer (SAM) technique. The choice of phenanthroline ligand was 
based on the ability to bridge two metal centers. Such complexes were previously 
reported by our lab,
72
 as well as phenanthroline is used to bridge the electron acceptor-
photosensitizer  and the catalytic core-photosensitizer modules in the proposed 
multimetallic system shown in Figure 1.8. According to the discussion in the section 
1.2.2, electronic modification around the ruthenium center has an influence on the water-
oxidation properties. Interestingly, the effect of electron-withdrawing/donating 
substituents on phenanthroline was less explored in the literature. Therefore, an electron-
donating methyl substituents and an electron-withdrawing nitro substituent were placed 
on phenanthroline. Catalytic properties were compared to identify the best core for 
surface deposition. 
  
 Goal #2: To use the Langmuir-Blodgett technique as a novel way to surface-deposit 
water oxidation catalysts with high surface coverage. (results presented in Chapter 5) 
In this goal, the use of the Langmuir-Blodgett method to fabricate thin films of water-
oxidation catalysts was investigated. The current methodology to deposit catalytic 
molecules onto a surface use the self-assembled monolayer technique (SAM), where the 
24 
 
phosphonate linker attached to the catalytic core, covalently bind to hydroxyl groups on 
the surface.
56
 However, in the presence of a strong acid, such anchoring units could 
protonate, leading to desorption of the catalyst from the surface. Also, currently available 
techniques are restricted to a monolayer of the complex. Therefore, in this project, 
amphiphilic nature was in cooperated to the catalytic core, in order to use LB methods to 
fabricate a thin film of the catalyst. LB thin films can be transferred onto a substrate via 
electrostatic interactions and can be used to fabricate multilayer films as well.  The 4’-
nonyloxyphenyl substituent on terpyridine (Terpy
OC9
) ligand was used to introduce 
hydrophobic properties to the ruthenium/terpyridine/phenanthroline core. Then the 
properties of the LB film were compared to the catalyst in solution to ensure successful 
transfer onto a solid substrate. Furthermore, catalytic properties were evaluated under 
homogeneous and heterogeneous conditions.  
  
 Goal #3: To evaluate the electronic and redox properties of Ru/terpyridine complexes 
with the non-innocent ligands catechol and aminocatechol in bulk and in thin films, as 
potential catalysts or as current rectification species. (results presented in Chapter 6) 
In this goal, the phenanthroline capping ligand was replaced by redox non-innocent 
catechol and amino-catechol ligands. Such complexes were tested as water oxidation 
catalysts. However, there are limited studies available on the behavior of these complexes 
after deposited on a solid surface, and available studies used a drop- casting technique to 
fabricate a thin film.
37
 Therefore, it is important to compare the electronic and redox 
properties of LB thin films on a solid substrate with the complexes in solution in order to 
confirm the successful transfer of LB film on to a surface. In this project, the same 
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terpyridine ligand (Terpy
OC9
) was used and a series of ruthenium/terpy
OC9
 complexes 
with 3,5-di-tert-butyl-2-(phenylamino)catechol (L
1
) and 3,5-di-tert-butylcatechol (L
2
) 
were synthesized. Redox, electronic and LB film formation properties were compared 
based on the change in ligand architecture from L
1
 to L
2
 and change in axially 
coordinated ligand from chlorido to dimethylsulfoxide.  
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CHAPTER 2 
Materials, Methods and Instrumentation 
 
2.1. Materials 
The research project involves synthesis of organic ligands and inorganic coordination 
metal complexes. Ligands, metal complexes or precursors for ligand synthesis were 
purchased from commercial sources such as Sigma-Aldrich, Alfa Aeser, and Strem 
Chemicals. Then suitable organic reaction protocols were followed to obtain the desired 
ligand. Reagents and solvents were used as received from commercial sources. Methanol 
and ethanol were distilled over CaH2.  
 
2.2. Methods and instrumentation 
All ligands and coordination metal complexes in this research were characterized with a 
variety of techniques to study the composition and structure, as well as electronic and 
redox properties and catalytic properties. Ligands and metal complexes were 
characterized with proton nuclear magnetic resonance spectroscopy (
1
H-NMR), Fourier 
transform infrared spectroscopy (FTIR), electrospray ionization mass analysis (ESI-
mass), melting point measurements, and elemental analysis to ensure the presence of a 
single component. Furthermore, structural identity of the complexes was obtained with 
X-ray single crystal diffraction analysis, whenever possible. Electronic and redox 
properties of the metal complexes were studied with UV-visible spectroscopy and cyclic 
voltammetry. EPR spectroscopy was used to clarify the presence of radical species. Thin 
film formation properties of these complexes were tested with the Langmuir-Blodgett 
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(LB) technique. Brewster angle micrographs (BAM) were recorded during compression 
to ensure the formation of a defect free monolayer. LB films transferred onto glass or 
ITO substrates were further characterized with infrared reflection absorption 
spectroscopy (IRRAS) to ensure presence of functional groups and oxidation states of 
complexes after deposition. The water-oxidation properties of these complexes were 
evaluated by measuring the turnover number with gas chromatography and the rate of 
oxygen evolution with Clark electrode. This chapter will present a brief description on 
each of the above mentioned techniques. 
 
2.2.1. Fourier transform infrared spectroscopy (FTIR) 
Infrared spectroscopy is an excellent tool to identify functional groups present in a given 
molecule. Samples were prepared as pellets of KBr with a trace amount of compound 
using a hydraulic press. IR spectrum is recorded as a plot of percent transmission of IR 
radiation against wavenumber. In general, the mid infrared region (4000 – 400 cm-1) is 
used to measure the vibrational-rotational modes of a given compound, where 
characteristic bands observed in the spectrum correspond to the vibrational energy of the 
functional groups present.
1
 Hence, position and intensity of the bands are useful in 
identifying the functional groups in a given compound. In this research, infrared spectra 
were measured from 4000 cm
-1
 to 400 cm
-1
 as KBr pellets on a Tensor 27 FTIR 
spectrophotometer with OPUS 6.5 software for data analysis.  
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2.2.2. Nuclear magnetic resonance spectroscopy (NMR) 
NMR spectroscopy is the most useful tool in characterizing organic compounds. The 
spectrum is obtained as a function of absorption peaks of radio frequency (rf) by nuclei in 
the sample.
1
 In general, the position of NMR peaks is reported with respect to signal of 
tetramethylsilane (TMS) allowing unified the measurements regardless of the source 
frequency. The position of the peak and multiplicity are dependent on the local 
environment of the proton. The number of protons corresponding to a particular peak is 
obtained by integration of the peak area which can be used to identify the total number of 
protons present in a given compound. Functional groups were identified based on the 
chemical shift. Since high spin Ru
II
 complexes are diamagnetic, 
1
H-NMR spectroscopy is 
used in this research to characterize the structure in addition to the ligands. 
1
H-NMR 
spectra were recorded using Varian 300 and 400 mHz instruments in deuterated solvents.   
 
2.2.3. Mass spectrometry (MS) 
FTIR and NMR techniques are useful in identifying functional groups present in a given 
molecule. However, these techniques alone are unable to confirm coordination of a metal 
ion to ligands. In this case, mass spectroscopy is very useful as it provides information 
regarding the mass and charge of molecular ions present. In this research, a Micromass 
Quattro LC triple quadrupole mass spectrometer with an electrospray/APCI source was 
used with Allinance 2695LC auto sampler and photodiode array UV detector. In general, 
compound is dissolved in a suitable solvent such as methanol, water or acetonitrile and 
injected in to a large electric field resulting highly charged droplets. When these droplets 
travel through a heated capillary tube, solvent is evaporated resulting cascaded explosions 
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to yield quasi-molecular ions suitable. The mass over charge ratio (m/z) was determined 
in the positive mode to determine the mass of the fragments. In general the highest m/z 
ratio observed for a mono-positive fragment corresponds to the molecular ion hence mass 
of the complex. A set of closely spaced peaks obtained due to the isotopes present in a 
given fragment and often characteristic to the metals present in the complex. The isotopic 
distribution is diagnostic in the case of ruthenium complexes due to the presence of 13 
isotopes of ruthenium as shown in the Figure 2.1.  
 
 
 
 
 
 
 
 
 
 
Figure 2.1. Isotopic distribution for [Ru(MeMPTP)(Phen-diCH3)Cl]
+
 
 
2.2.4. Elemental analysis 
In this method, percentage of carbon, hydrogen, and nitrogen is determined 
experimentally and compared with the theoretical value in order ensure the purity of the 
sample. In this case sample is fully combusted and gas was analyzed to measure the 
amount of carbon dioxide, water vapor, and nitrous oxide corresponding to percent of 
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carbon, hydrogen, and nitrogen available in the original sample. In this research, 
elemental analysis was conducted at Midwest Microlab, Indianapolis, IN.  
 
2.2.5. X-ray single crystal analysis 
The best method to confirm the identity of a given coordination complex is to obtain the 
crystal structure of the complex. Single crystals suitable for analysis were obtained by 
slow evaporation method. The structure was elucidated by analysis of diffracted x-rays 
from the single crystal mounted onto a goniometer. Then experiment was conducted with 
Bruker X8 Apex II kappa geometry diffractometer containing Mo radiation and graphite 
monochromator. Data were collected using a Bruker CCD (charge coupled device) based 
diffractometer equipped with an Oxford Cryostream low-temperature apparatus operating 
at a particular temperature (specific conditions were specified under each structure 
analaysis). COSMO, APEX II, SAINT, SADABS, SHELXS-97, and SHELXTL-PC V 
6.10.7 
2
  software were used in structure elucidation.  
 
2.2.6. UV-visible spectroscopy 
Electronic transitions involved in these complexes were studied with UV-visible 
spectroscopy. In a single beam spectrometer, the light passing through the background is 
recorded first and then deducted that from sample to obtain the absorption spectrum. The 
amount of light absorption is given by the Beer-Lambert law as indicated in equation 1.  
A = εCl    ………………………….. (1) 
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where A  is the absorbance, ε is the molar absorption coefficient with M-1 cm-1 
dimensions (also known as the extinction coefficient), and C is the concentration of the 
sample. Visible region of the spectra corresponds to the color of the complex. Electronic 
transitions observed in the UV-visible spectra can be categorized in to three based on the 
orbitals involved. Ligand centered process appear at lower wavelengths generally lower 
than 300nm corresponding to π to π* such as C=C or n to π* if C=O present. In the case 
of octahedral complexes, transitions involving t2g to eg are forbidden according to the 
Laporte selection rule.
3
 However, if the complex deviates from ideal octahedral geometry 
then d-d transitions are observed with very low ε values. The most prominent bands in 
UV-visible spectrum involve charge transfer transitions where electrons are excited from 
HOMO, HOMO-1, HOMO-2 to LUMO orbitals. The presence of substituents or axial 
ligands indicates considerable impact on the frontier molecular orbitals. Hence, UV-
visible spectroscopy is useful in characterizing substituent effects, changes in oxidation 
states and reaction dynamics. In this study CARY 50 spectrometer was used.  
2.2.7. Cyclic voltammetry (solution and thin films) 
Redox properties of the complexes studied in this research were evaluated with cyclic 
voltammetry. A three electrode system composed of a working electrode (glassy carbon 
or Pt), a reference electrode (sat. Ag/AgCl), and a counter electrode (Pt wire) was used to 
measure the current response with respect to the applied potential. Redox response 
obtained for Fc/Fc+ couple is indicated in the Figure 2.2 below. 
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Figure 2.2. Cyclic voltammogram for Fc/Fc
+
 couple in DCM. 
 
A given redox coupled is reported in terms of formal reduction potential 
according to the equation 2 below where E1/2 is the formal reduction potential, Epa is the 
anodic peak potential, and Epc is the cathodic peak potential.
4
 
E1/2 = (Epa + Epc) / 2   …………………….. (2) 
Reversibility of the observed redox couple is evaluated based on the ratio of the 
anodic peak current (ipa) and cathodic peak current (ipc) equal to 1 according to equation 
3. Furthermore, for the reversible redox couples exhibit 0.059V difference in peak 
potentials observed for anodic and cathodic waves as indicated in equation 4.
4
 
ΔE = |Epa + Epc|  .……………………… (3) 
|ipa/ipc | = 1             ………………………. (4) 
Randles-Sevcik equation is used to obtain the forward peak current of a reversible 
redox processes as indicated in equation 5 below where ip is the peak current (A), n is the 
40 
 
number electrons, A is the electrode area (cm
2
), D is the diffusion coefficient (cm
2
/s), C 
is the concentration (mol/cm
3), and ν is the scan rate (V/s). Therefore, a linear behavior is 
expected between ip and ν
1/2 
for a solution based redox couple.
4
 
ip=(2.69x10
5
)n
3/2
AD0
1/2
Co*ν
1/2
 ..…….(5) 
This research project involves characterization of thin films of electro active 
species on conducting electrode surfaces. Therefore, it is important to distinguish solution 
based processes from surface deposited species. Unlike solution based processes, for 
surface deposited species, peak current, ip is linearly dependent on the scan rate, ν 
according to the equation 6 where, n is number of electrons, A is the surface area of the 
electrode (cm
2
), and Γo is the surface coverage (mol/cm
2
). Therefore, same equation 6 
can be used to calculate the amount of complex deposited on to the surface.
5
 
ip=(9.39x10
5
)n
2AΓ0* ν ………………… (6) 
 All electrochemical analysis in this research was conducted were performed 
using a BAS 50W voltammetric analyzer. A standard three-electrode cell was employed 
with a glassy-carbon working electrode, a Pt-wire auxiliary electrode, and an Ag/AgCl 
reference electrode under an inert atmosphere at room temperature (RT). Potentials are 
presented versus Fc/Fc
+
 as the internal standard. 
 
2.2.8. Electron paramagnetic spectroscopy (EPR) 
EPR spectroscopy operates in a similar principle to NMR except that it measures the 
spectrum of species with unpaired electrons which absorb radiation in the microwave 
region. In the presence of external magnetic field electron spin resonate with the radio 
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frequency equivalent to the energy gap between two spin states of the unpaired electron. 
The spectrum is obtained as the second derivative of the absorption peak against 
magnetic field strength. The proportionality constant g, is given in the equation 7 below 
for a system with one unpaired electron where h is the Plank’s constant, ν is frequency of 
the microwave used, µB is the Bohr magneton, and Bo is the magnetic field.
6
 
g = hν/µBBo ………………….. (7) 
In the case of organic radicals the value of g varies from 1.99 – 2.01which is a very close 
to the ideal value of 2.00232. However, deviation from this value requires simulations 
prior assignment of the radical species. EPR spectra of the compounds in this study were 
measures with Bruker EMX –X band spectrometer. 
 
2.2.9. Langmuir-Blodgett (LB) isothermal compression 
Thin films studied in this research were fabricated with LB technique with compounds 
with amhiphilic nature. Thin films were prepared by injecting the complex dissolved in 
CHCl3 to the air/water interface followed by compression of the interface. The surface 
pressure is increased due to the interaction of molecules and orientation of molecules 
transforms from random ‘gas’ phase to a well-organized monolayer. The monolayer is 
collapsed upon further compression.
7
 The process of making a LB monolayer is 
monitored by recording Brewster angle micrographs (BAM). Formation of a well-
organized monolayer is confirmed by the absence of newton rings in BAM images. A 
typical surface pressure versus molecular area isotherm is illustrated in Figure 2.3. 
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Figure 2.3. Surface pressure vs. average molecular area isotherm 
The surface pressure suitable to conduct deposition of LB film on to a substrate was 
selected in the region where surface pressure is increased rapidly and BAM images 
indicate defect free formation of monolayer.  In this research Y-type deposition 
mechanism is followed. Polar head group of the complex interact with the polar surface 
via electrostatic interactions when transferring the first layer of molecules. The next layer 
of complex was transferred on to a substrate as long hydrocarbon chains interact with 
each other. The process was continued until the desired number of monolayers was 
transferred or until the barriers of the trough reach limit of minimum distance.
8
 The 
process of depositing complexes on to a surface is illustrated in the Figure 2.4. 
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Figure 2.4. (a) Transfer of LB film on to an ITO electrode surface (b) LB monolayer on 
an ITO surface (c) multilayer of LB film on an ITO substrate 
 
Monolayer studies were carried out using an automated KSV 200 mini trough at a 
temperature of 23 ± 0.5 ˚C. The surface pressure was measured using the Wilhelmy plate 
(paper plates 20 mm × 10 mm) method. Brewster angle micrographs were taken 
simultaneously with the compression isotherm using a KSV-Optrel BAM300 equipped 
with a HeNe laser (10 mW, 632.8 mm) and a CCD detector. The field of view was 800 × 
600 μm and the lateral resolution was about 1 μm. 
 
2.2.10. Infrared reflection absorption spectroscopy (IRRAS) 
It is necessary to characterize the LB film on the substrate to ensure that the compound 
did no undergo structural damage during the LB process. The functional groups present 
in the LB thin film is identified using polarization modulation (PM) infrared reflection 
absorption spectroscopy (PM-IRRAS). In this technique IR radiation reflected by the 
surface is measured. The observed spectra show interference due to atmospheric 
parameters such as moisture and carbon dioxide. Therefore, the PM technique is used to 
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obtain an enhance signal eliminating atmospheric interferences. Polarized IR radiation 
consists of wave components parallel to the surface (p) and perpendicular to the surface 
(s). The reflected radiation will consists of s and p polarized light with different 
intensities due to the species present on the surface. The difference between reflected 
radiation (ΔR=Rp-Rs) provides information regarding molecular vibrations depending on 
the orientation of dipole moments of functional groups with respect to the plane of 
surface.  In a typical experimental set up, the IRRAS spectra of a glass substrate is 
measured as the background at different angles of incident. Then the IRRAS of thin film 
was recorded at different angles of incident where the difference spectra from back 
ground yields the bands corresponding to LB film. The operational principle of IRRAS 
technique for thin films is illustrated in Figure 2.5. Spectra were recorded using Bruker 
Tensor 27 IR spectrometer with A 513/Q accessory to vary the angle of incident from 13-
83
o
.  
 
 
 
 
 
 
 
 
 
Figure 2.5. Operational principle for IRRAS technique 
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2.2.11. Gas chromatography 
Water oxidation properties of metal complexes were evaluated by measuring the turnover 
number as well as the rate of dixoygen evolution. Gas chromatography is used to measure 
the amount of dioxygen generated during catalysis in the head space. Water oxidation 
studies were carried out in a 10 mL round bottom flask capped with a rubber septum 
under ambient conditions.   (NH4)2 [Ce(NO3)6] (CAN) (550 mg, 1 mmol) and CF3SO3H 
(3 mL, pH = 1) were stirred together and the complex (100 µL, 8 × 10
-5
 mmol) was 
injected through the septum and mixture was allowed to react for 24 hrs. The amount of 
oxygen generated was measured with Gas Chromatography injecting 100 µL of 
headspace gas sample. The GC is a Gow-Mac 400 with a thermal conductivity detector 
and 8’ × 1/8” long 5Å molecular sieve column operating at 60ºC was used with He as the 
carrier gas. The calibration was carried out with air as the standard (21% O2). The turn 
over number was calculated as the ratio of moles of O2 produced over moles of catalyst 
used. The Clarity software was used for data acquisition from GC. The following steps 
illustrate method used to calculate the turnover number. 
Let, the volume of head space in the flask = a 
Initial % of O2 (PO2) = 21 % 
Initial % of N2 (PN2) = 79 % 
For initial number of moles of O2 in head space,   
PO2 = 0.21; V = a;  R = 0.082 atm. L/mol K; T = 293 K ( room temp) 
PV = nRT  
0.21 × a = n1 × 0.082 × 293 
n1 = (0.21 × a) / 0.082 × 293 
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(a) 
(b) 
For initial number of moles of N2 in head space,   
PN2 = 0.79; V = a; R = 0.082 atm; T = 293 K (room temp) 
PV = nRT  
0.21 × a = n2 × 0.082 × 293 
n2  = (0.79 × a) / 0.082 x 293 
Let, average of final % area of oxygen recorded from GC in various trail (at least 3 trials) 
  m =    (p + q + r)/3     
Let, k be the number of moles of oxygen generated from the catalyst, 
m =  [k + n1(initial moles of O2)] / [k  + n1 (initial moles of O2) + n2(initial moles of N2)] 
Calculate k from all known data 
Therefore, Turn Over Number = k /(moles of catalyst) 
 
 
 
 
 
   
   
 
 
 
 
Figure 2.6. (a)Experiment setup for TON measurement and GC instrument (b) Typical 
gas chromatograph obtained after catalysis 
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2.2.12. Determination of dissolved oxygen with YSI-Clark electrode 
The rate of dioxygen evolution is measured with YSI - Clark electrode. The electrode 
consists of a silver anode and a gold cathode protected by a Teflon membrane. A 
electrochemical signal is generated as oxygen diffuses through the membrane and get 
reduced at the cathode. The intensity of the electron flow is proportional to the 
concentration of oxygen present in the media. The operational principle of YSI Clark 
electrode is illustrated in Figure 2.7.The rate of O2 evolution was carried in a three neck 
flask charged with triflic acid (pH = 1, 5 mL) and CAN (550 mg) under Ar atmosphere. 
Prior injecting the complex, the YSI Clark electrode was calibrated with O2, Ar and air 
saturated solutions. After calibration, water saturated with air indicates O2 percentage of 
20 ± 1 %. Then the complex (50 µL, 4 x 10
-5 
M, ACN) was injected and percentage O2 
reading was recorded every 10 s. The calculation method to convert percentage of oxygen 
to moles is given below. 
At 25
o 
C 100 % O2 saturated water (1 atm) 
 1 mL => 28.5 µL O2    (appendix B, YSI operation manual) 
 5 mL => 28.5 µL O2 × 5 = 142.5 µL O2  
        1 mol of O2 => 22.4 L 
Therefore, 5 mL => 142.5 µL O2 / 22.4 L = 6.33 µmol O2 (maximum amount!) 
Before each experiment a new Teflon membrane is installed at the tip of the electrode as 
a protective step 
      Each time membrane is calibrated with 100 % air, 100 % O2, 0 % O2 (by purging Ar) 
      After calibration: O2 % = 19.0 ± 1 (in saturated air) 
      CAN = 550 mg (0.2 M), triflic acid (5 mL, pH = 1), catalyst (50 µL (ACN), 4×10
-3
M) 
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Before injection of complex, mixture of CAN and Triflic acid is purged with Ar for 10 
minutes and the YSI   % O2 = 0.0) Then inject catalyst with a syringe and record % O2 . 
During experiment O2 % is recorded Vs. time  
After catalyst O2 generated  
Increase of 10 % O2    => 142.5 × (10/100) µL O2 = 14.25 µL O2  
Moles of O2 => 14.25 µL O2 /22.4 L = 0.636 µmol O2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7. (a) YSI Clark electrode and experimental setup (b) Principle of operation for 
Clark electrode 
 
  
(a) 
(b) 
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CHAPTER 3 
Effect of Substituents on the Water-Oxidation Activity of 
 [Ru
II
(terpy)(phen)Cl]
+
 Procatalysts 
3.1. Introduction 
Ruthenium-based catalysts have been avidly pursued in order to circumvent the steep 
thermodynamic requirements involved in water oxidation.
1 
One of the most promising 
mononuclear topologies for such catalysts takes advantage of coordination of the bivalent 
ruthenium ion in an octahedral environment to polypyridine ligands such as terpyridine 
(terpy) and bipyridine (bipy) along with a monodentate aqua ligand occupying the sixth 
position. Therefore, [Ru
II
(terpy)(bipy)X]
+
procatalysts have been synthesized in which 
halogeno-ligands X such as –Cl, -Br and –I occupy the 6th position.2,3,4 In presence of a 
sacrificial oxidant such as Ce
IV
 ions, these [Ru
II
(terpy)(bipy)X]
+
 procatalysts require an 
induction period in which H2O is believed to be incorporated, either by direct substitution 
of the halogen or by formation of a seven-coordinated intermediate.
2,3,4
 Recent evidence 
suggests that direct substitution is favored by chorido-containing procatalysts, while 
seven coordination might be favored when heavier halogens such as iodides are 
present.
2,3,4
 An alternative and less explored possibility is that partial displacement of 
flexible polypyridine ligands take place. 
 
After water is coordinated, accepted 
mechanisms assume that proton-coupled electron transfer (PCET) leads to the formation 
of a [Ru
III
-OH]
2+
  intermediate that is further oxidized to [Ru
IV
=O]
2+
 and [Ru
V
=O]
3+
. In 
presence of water, the electrophilic pentavalent ruthenium oxo species can then be 
converted into a hydroperoxo species [Ru
III
-OOH]
2+
 that antecedes the formation of 
[Ru
IV
-OO]
2+
 via another PCET step. At this point, O2 can evolve via replacement by a 
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water molecule and the catalyst is then regenerated.
5,6,7,8,9 
 Optimization of the catalyst 
activity requires a balance between the availability of electron density at the metal center 
and limited π-backbonding to the most labile ligand.10 A certain balance can be achieved 
by careful insertion of electron-donating and withdrawing groups to each of the 
polypyridil ligands. Similar groups can foster or prevent catalyst stability, depending on 
their position on either bipyridine or terpyridine moieties, as seen in the recent 
reports.
10,11
 According to these findings, insertion of electron-donating groups to 
terpyridine and electron-withdrawing groups to bipyridine should lead to a situation 
where catalyst activity and stability are optimized.  In this regard, we are interested in the 
electronic effects associated with the more rigid phenanthroline in [Ru
II
(terpy)(phen)Cl]
+
 
procatalysts, both to evaluate their reactivity, as well as because proper phenanthroline 
functionalization allows for the synthesis of multimetallic topologies.
12,13,14,15,16
 While 
working on the functionalization of mercapto-terpyridines for self-assembly on gold 
electrodes, we noticed that the complex [Ru
II
(MeMPTP)(phen)Cl]PF6 (MeMPTP is 4’-(4-
methylmercaptophenyl)-2,2’:6’2”-terpyridine)) showed catalytic activity towards water 
oxidation. We realized that this is a unique platform to (i) compare the effects of 
substituted phenanthroline with electron-donating and -withdrawing groups on the 
catalytic activities of a series of the procatalysts summarized in Scheme 1, (ii) discuss the 
reactivity of these complexes towards Ce
IV
, and (iii) evaluate the composition of the 
catalyst recovered after catalysis. The result follows. 
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Scheme 3.1.  [Ru
II
(MeMPTP)(R-phen)Cl]PF6 complexes with  
substituted phenanthroline. 
3.2. Experimental section 
3.2.1. Materials and methods.  
Reagents and solvents were used as received from commercial sources. Methanol and 
ethanol were distilled over CaH2. 1,10 phenanthroline, 1-(pyridine-2-yi) ethanone and 4-
(methylthio)benzaldehyde were purchased from Alfa Aesar, RuCl3 was purchased from 
Strem chemicals, 5,6-dimethyl phenanthroline was purchased from GFS chemicals Inc. 
5-nitro-phenanthroline was synthesized according to known procedures
17
.  Infrared 
spectra were measured from 4000 cm
-1
 to 400 cm
-1
 as KBr pellets on a Tensor 27 FTIR 
spectrophotometer. 
1
H-NMR spectra were measured using Varian 400 mHz instruments. 
ESI (positive) spectra were measured in either a triple quadrupole Micromass QuattroLC 
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or in a single quadrupole Waters ZQ2000 mass spectrometer with an electrospray/APCI 
or ESCi source. Experimental assignments were simulated on the basis of peak position 
and isotopic distributions. Elemental analyses were performed by Midwest Microlab, 
Indianapolis, IN. UV-visible spectroscopy from 5.0x10
-5
 M acetonitrile solutions were 
performed using a Cary 50 spectrophotometer in the range 250 to 1100 nm. Cyclic 
voltammetry experiments were performed using a BAS 50W voltammetric analyzer. A 
standard three-electrode cell was employed with a glassy-carbon working electrode, a Pt-
wire auxiliary electrode, and an Ag/AgCl reference electrode under an inert atmosphere 
at room temperature (RT). Potentials are presented versus Fc/Fc
+
 
18
as the internal 
standard. 1H NMR spectra were measured using Varian 400 mHz instruments. 
3.2.2. Water-oxidation  
Studies were carried out in a 10 mL round bottom flask capped with a rubber septum 
under ambient conditions.   (NH4)2[Ce(NO3)6] (550 mg, 1 mmol) and CF3SO3H (3 mL, 
pH = 1) were stirred together and the complex (100 µL, 8 × 10
-5
 mmol) was injected 
through the septum and the mixture was allowed to react for 24 h. The amount of oxygen 
generated was measured with Gas Chromatography injecting 100 µL of headspace gas 
sample. The GC is a Gow-Mac 400 with a thermal conductivity detector and 8’ × 1/8” 
long 5Å molecular sieve column operating at 60ºC was used with He as the carrier gas. 
The calibration was carried out with air as the standard (21% O2). The turn over number 
was calculated as the ratio of moles of O2 produced over moles of catalyst used. The 
Clarity software was used for data acquisition from GC. The rate of O2 evolution was 
carried in a three neck flask charged with triflic acid (pH = 1, 5 mL) and CAN (550 mg) 
under Ar atmosphere, following well-established protocols available in the literature.
4
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Prior to injecting the complex, the YSI Clark type electrode is calibrated with O2, Ar and 
air saturated solutions. After calibration, water saturated with air indicates O2 percentage 
in solution as of 20 ± 1%. Then the complex (50 µL, 4 x 10
-5
M, AcN) was injected and 
%O2 reading was recorded every 10 s up to 40 minutes.  
 
3.2.3. X-Ray structural determinations 
 Diffraction data were measured on a Bruker X8 APEX-II kappa geometry diffractometer 
with Mo radiation and a graphite monochromator. Frames were collected at 100 K with 
the detector at 40 mm and 0.3 degrees between each frame and were recorded for 10 s. 
APEX-IIa and SHELXb software were used in the collection and refinement of the 
models. Crystals of (DW150) appeared as dark plates. A total of 23546 reflections were 
measured, yielding 9818 unique data (Rint = 0.104). Hydrogen atoms were placed in 
calculated positions. These cationic complexes 1 crystallized with one equivalent of PF6
-
 
and 3 equivalents of acetonitrile. The anion showed typical PF6-disorder in the F 
positions as evidenced by the high thermal parameters for these atoms. Crystals of 4 were 
dark fragments. A total of 72908 reflections were counted, which averaged to 10161 
independent data (Rint = 0.054). Hydrogen atoms were placed at calculated positions. The 
cationic complex crystallized with one PF6
-
 anion and 2 equivalents of acetonitrile. 
Disorder in the PF6
-
 anion was handled by assigning partial occupancy positions for 4 of 
the F atoms. These partial contributions were held isotropic.
26
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3.2.4. Syntheses 
 [Ru
II
(MeMPTP)(DMSO)Cl2]. A mixture of [Ru
II
(DMSO)4Cl2] (0.696 g, 1.44 mmol) and 
4’-(4-methylmercaptophenyl)-2,2’:6’2”-terpyridine (MeMPTP) (0.512 g, 1.44 mmol) was 
heated and refluxed in argon-degassed CH3OH (50 mL) for 7 h. The solution turned to a 
brownish red color and a dark brown color precipitate was formed. The precipitate was 
isolated by frit-filtration and washed with cold CH3OH (3 × 10 mL). Yield: 510g (58%); 
1
H-NMR ([D6] DMSO) ppm: δ 9.01 (d, J = 4.9, 2H), 8.84 (s, 2H), 8.77 (d, J = 8.1, 2H), 
8.14(m, 4H), 7.78 (m, 2H), 7.46 (d, J = 8.1, 2H), 3.59 (s, 3H). MS: (m/z) 601.95 
[C24H23Cl2N3ORuS2]
+
. FTIR (KBr, cm
-1
): 1054.26 (S=O) stretch of DMSO), 2956.22 (C-
H stretch of tert-butyl substituent). UV-Vis (DMSO): λmax nm (ε, M
-1
 cm
-1
) 291(29,681), 
338 (36,703), 400 (9,323), 530 (11,255), 680 (5,471).   
[Ru
II
(MeMPTP)(phen)Cl]PF6 (1). A mixture of [Ru
II
(MeMPTP)(DMSO)Cl2] (0.241 g, 
0.4 mmol) , 1,10 phenanthroline (0.072g, 0.4 mmol) and triethylamine (0.5 mL) in 
CH3OH (50 mL) was refluxed in the dark overnight under argon. The volume of the 
resulting solution was reduced to 1/3 and NH4PF6 (0.50 g) was added. The dark red color 
precipitate was isolated over frit and washed with CH3OH (3 × 10 mL). The purified 1 
was obtained after column chromatography over neutral alumina with CH2Cl2:CH3CN 
(1:1). Yield : 183 mg (56%), Elemental analysis,Calc.(%) for C34H25ClN5RuSPF6: C, 
49.97; H, 3.18; N, 8.57. Found: C, 49.91; H, 3.23; N, 8.47. 
1
H-NMR ([D6]DMSO) ppm: δ 
10.32 (br.s, 1H), 9.2 (m, 2H), 8.95 (m, 4H), 8.42 (d, J = 5.7, 2H), 8.38 (d, J = 7.3, 1H), 
8.31 (d, J = 8.1, 2H),  8.21 (m, 1H), 7.95 (m, 2H), 7.82 (d, J = 5.7,1H), 7.56 (d, J = 8.1, 
2H), 7.48 (d, J = 4.1, 2H), 7.42 (br.s, 1H), 7.23 (d, J = 5.7, 2H), 2.63 (s, 3H). MS: (m/z) 
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672.06 [C34H25ClN5RuS]
+
. FTIR (KBr, cm
-1
): 1596.58, 1476.03, 1426.85, 1406.31 
(pyridine rings), 841.43 (PF6
-
). 
Complexes 2, 3, and 4 were synthesized in a similar manner to that described for 1. 
Analyses follow.  
[Ru
II
(MeMPTP)(NO2-phen)Cl]PF6 (2). Yield: 109 mg (42%) yield. Elemental 
analysis,Calc.(%) for C34H24ClN6O2RuSPF6: C, 47.37; H, 2.81; N, 9.75. Found: C, 47.38; 
H, 2.82; N, 9.51.
 1
H-NMR ([D6]DMSO): δ 10.46 (m, 1H), 9.28 (m, 2H), 9.2 (m, 3H), 
8.94 (d, J = 7.3, 2H), 8.57 (m, 2H), 8.32 (d, J = 8.1, 2H), 8.07 (d, J = 4.1, 1H), 8.00 (m, 
2H), 7.54 (m, 4H), 7.23 (m, 2H), 2.62 (s, 3H). MS: (m/z) 717.0417 [C34H24ClN6O2RuS]
+
. 
FTIR (KBr, cm
-1
): 1595.12, 1532.80, 1425.13, 1406.12, 1406.31 (pyridine rings), 
1329.31 (-NO2), 843.28 (PF6
-
). 
[Ru
II
(MeMPTP)(Me2-phen)Cl]PF6 (3). Yield: 55 mg (32%). Elemental analysis,Calc.(%) 
for C36H29ClN5RuSPF6: C, 51.16; H, 3.46; N, 8.29. Found: C, 50.96; H, 3.64; N, 8.27.
 
1
H-NMR ([D6]DMSO) ppm: δ 10.31 (d, J = 4.86, 1H), 9.20 (s, 2H), 9.08 (d, J = 8.11, 
1H), 8.93 (d, J = 8.11, 2H), 8.45 (m, 2H), 8.31 (d, J = 8.92, 2H) , 7.96 (t, J = 7.70, 2H), 
7.74 (d, J = 5.67, 1H), 7.56 (d, J = 8.11, 2H), 7.43 (d, J = 5.67, 2H), 7.40 (m, 1H), 7.22 
(m, 2H), 2.9(s, 3H), 2.71 (s, 3H), 2.62(s, 3H). MS: (m/z) 700.0878 [C36H29ClN5RuS]
+
. 
FTIR (KBr, cm
-1
): 2921.46 (C-H stretch -CH3 group), 1595.13, 1501.43, 1476.47, 
(pyridine rings), 844.16 (PF6
-
). 
 [Ru
II
(MeMPTP)(Me4-phen)Cl]PF6 (4). Yield: 95 mg (34%). Elemental analysis, 
Calc.(%) for C38H33ClN5RuSPF6: C, 52.27; H, 3.81; N, 8.02. Found: C, 52.33; H, 4.03; 
N, 7.96.
 1
H-NMR ([D6]DMSO):
 1
H-NMR (DMSO) ppm: δ 10.05 (m,1H), 9.17 (m,2H), 
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8.91 (d, J = 8.1, 2H), 8.54 (m, 1H), 8.32 (m,3H), 7.94 (m,2H), 7.56 (m,2H), 7.47 (m,3H), 
7.22 (m,2H), 3.00 (s,3H), 2.79(s,3H), 2.62 (s, 3H), 2.56 (s, 3H), 2.08 (s,3H). MS: (m/z) 
728.1174 [C38H33ClN5RuS]
+
. MS: (m/z) 728.1174 [C38H33ClN5RuS]
+
. FTIR (KBr, cm
-1
): 
2924.46 (C-H stretch -CH3 group), 1592.64, 1466.68, 1425.27, (pyridine rings), 842.68 
(PF6
-
). 
3.3. Results and discussion 
3.3.1. Synthesis and characterization of ligands and complexes 
The ligand MeMPTP, was synthesized as previously reported,
19
 and treated with one 
equivalent of [Ru
II
(DMSO)4Cl2] to yield the precursor [Ru
II
(MeMPTP)(DMSO)Cl2]. 
Four complexes were obtained by reaction of the precursor with the appropriate 
phenanthroline ligand and further column chromatographed to yield the high-purity 
species [Ru
II
(MeMPTP)(phen)Cl]PF6 (1), [Ru
II
(MeMPTP)(NO2-phen)Cl]PF6 (2), 
[Ru
II
(MeMPTP)(Me2-phen)Cl]PF6 (3), and [Ru
II
(MeMPTP)(Me4-phen)Cl]PF6 (4). 
Species 1-4 were characterized by 
1
H-NMR and infrared spectroscopies, high-resolution 
electrospray ionization mass spectrometry, and elemental analysis prior to use, with 
excellent agreement between the different methods. Species 1, 3 and 4 were also 
characterized by X-ray crystallography. 
3.3.2. Structural characterization  
X-ray quality crystals of 1, 3 and 4 were obtained by slow evaporation of complex 
dissolved in acetonitrile under dark conditions as shown in Figure 3.1. The partial 
solution obtained for 1 does not allow for discussion for bond lengths and angles, but 
suffices to indicate connectivity, confirming the identity of the 
[Ru
II
(MeMPTP)(phen)Cl]
+
 cation. Complexes 3 and 4 show pseudo octahedral 
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geometries around the ruthenium center, where the Nterpy – Ru bonds vary from 2.087 – 
1.943 Å and relatively shorter bond lengths are observed for the central N atom of the 
terpyridine. Bond lengths for Nphen – Ru vary from 2.039 – 2.075 Å, where shorter bond 
lengths are observed for the N atom trans to the chlorido coligand.  The difference in 
bond lengths for the phenanthroline Npyridine located trans to Cl
-
 of 3 is 0.012Å longer 
than that for 4. These bond lengths are in good agreement with values reported in the 
literature.
20 
The Ru-Cl bond length in complex 4 is shorter than that of 3 by ca. 0.05 Å. 
The molecular structures of 1, 3 and 4 clearly illustrate that the chloride group is trans to 
the N4 atom of the phenanthroline. Hence, structural variations will have a greater impact 
on phenanthroline than on  terpyridine.
10
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Figure 3.1. Molecular structure of the cations  (a) [Ru
II
(MeMPTP)(Me2-phen)Cl]
+
 (3)
+
, 
and (b) [Ru
II
(MeMPTP)(Me4-phen)Cl]
+
 (4)
+
.  Selected bond lengths and angles: For 3
+
; 
Ru – N1 = 2.087, Ru – N2 = 1.955, Ru – N3 = 2.058, Ru – N4 = 2.051, Ru – N5 = 2.072, 
Ru – Cl = 2.450 Å, N1 – Ru – N2 = 79.1 o, N2 – Ru – N3 = 79.9 o, N3 – Ru – N5 = 98.5 o, 
N5 – Ru – N1 = 102.4 o, N4 – Ru – Cl = 173.8o. For 4+; Ru – N1 = 2.061, Ru – N2 = 
1.943, Ru – N3 = 2.056, Ru – N4 = 2.039, Ru – N5 = 2.075, Ru – Cl = 2.407 Å, N1 – Ru 
– N2 = 79.58 o, N2 – Ru – N3 = 79.74 o, N3 – Ru – N5 = 101.96 o, N5 – Ru – N1 = 98.62 
o
, N4 – Ru – Cl = 171.08o, (c) partial structure for 1 
 
   
(c) 
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Table 3.1. X-ray crystal structure 
 
3.3.3. Electronic and redox behavior  
The efficiency of water-oxidation in these complexes is sensitive to the electron density 
around the ruthenium center,
2,10,11
 and the effect of electron-donating and -withdrawing 
substituents is reflected in the potential of the Ru
II
/Ru
III
 couple. As shown in Figure 3.2a, 
complexes 1-4 show this redox process between 0.34–0.48 V vs. Fc+/Fc. Presence of the 
electron-withdrawing nitro group in complex 2 is not favorable for the RuIII state 
requiring a higher oxidation potential than that for the unsubstituted 1. An opposite trend 
is observed in the presence of electron-donating methyl substituents in complexes 3 and 
4.2 The terpyridine/terpiridinium couple is observed around 1.82 to 1.89 V vs. Fc+/Fc for 
complexes 1, 3, and 4. This process is not observed for species 2 that instead shows a 
process at -1.06 V vs. Fc+/Fc centered on the NO2-phenanthroline ligand.
2 The 
 3.1/3CH3CN 4.1/2CH3CN 
Formula C42 H38 Cl F6 N8 P Ru S C42 H39 Cl F6 N7 P Ru S 
FW 968.35 955.35 
Space group Triclinic, P-1 Monoclinic, P21/c 
a(Å) 8.8581(7) 15.7842(8) 
b(Å) 15.4618(11) 13.1866(7) 
c(Å) 16.0397(12) 19.5857(10) 
α(deg) 103.240(4) 90 
β(deg) 105.443(4) 93.825(2) 
γ(deg) 91.864(4) 90 
V(Å
3
) 2051.0(3) 4067.5(4) 
Z 2 4 
Temp (K) 100(2) 100(2) 
λ(Å) 0.71073  0.71073 
ρ(mg m-3) 1.568 1.560 
µ(mm
-1
) 0.608 0.611 
R(F) (%) 12.27 0.0419 
Rw(F) (%) 18.55 0.0504 
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irreversible process observed around 1100mV can be attributed to oxidation of –SCH3 
group as shown in Figure 3.2.a. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
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Figure 3.2. Cyclic voltammograms of the (a) full window for 1-4 in DCM/TBAPF6 (b). 
Ru
II
/Ru
III
 couple 
The UV-visible absorption spectra of complexes 1-4 was recorded in acetonitrile 
and are shown in Figure 3.3. The complexes show a pronounced band at 515-520 nm (Δ 
= 5nm) due to a ruthenium to terpyridine MLCT charge transfer.
2,20,21
 A second 
predominant band is observed at between 422 and 435 nm (Δ = 13 nm) is attributed to the 
MLCT between the ruthenium center and the phenanthroline ligand. This band has not 
been detected for 2 and is blue-shifted in 4 due to the presence of four electron-donating 
methyl groups. The fact that the second MLCT presents larger variance associated with 
the nature of the substituents suggest the ruthenium-to-phenanthroline charge transfer as 
the major contribution for the spectrum.  
(b) 
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Figure 3.3. UV-visible spectra are recorded in 5 x 10
-5
M ACN 
3.3.4. Catalytic activity towards water-oxidation  
The influence of electron-donating and electron-withdrawing groups in the catalytic 
properties of [Ru
II
(MeMPTP)(R-phen)Cl]PF6 complexes was evaluated by measurement 
of the turnover number (TN = [generated O2]/[ catalyst] in moles) and of the rate of O2 
generation in solution. The turnover number of these complexes was measured using 
(NH4)2[Ce
IV
(NO3)6] as the sacrificial oxidant and all experiments were carried out under 
atmospheric conditions. Atmospheric nitrogen (N2) was used as an internal standard in 
gas chromatographic determination of O2 percentiles. The higher the turnover number the 
more stable is the catalyst.  
  Water-oxidation Studies were carried out in a 10 mL round bottom flask capped 
with a rubber septum under ambient conditions.   (NH4)2[Ce(NO3)6] (550 mg, 1 mmol) 
and CF3SO3H (3 mL, pH = 1) were stirred together and the complex (100 µL, 8 × 10
-5
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mmol) was injected through the septum and the mixture was allowed to react for 24 h. 
The amount of oxygen generated was measured with Gas Chromatography injecting 100 
µL of headspace gas sample.  
  The turnover number of complex
2
 [Ru
II
(terpy)(phen)Cl]PF6 was used as an 
internal standard for consistency. Because good agreement was found between our 
experiments and those previously reported, the turnover number of complexes 1-4 were 
measured with confidence. Species 2 with an electron-withdrawing nitro group displays 
the lowest turnover number, whereas 3 and 4 —with electron-donating methyl groups— 
indicate higher activity than that of complex 2, but slightly lower than that of the 
unsubstituted 1.  In general terms, it has been observed 
2,10
 that electron-withdrawing 
groups in related [Ru
II
(terpy)(R-bipy)X]
+
 complexes (X = Cl or H2O) lead to an 
enhancement of turnover numbers. Similarly, bipyridines containing electron-donating 
groups led to a clear decrease in turnover numbers. The species [Ru
II
(terpy)(NO2-
bipy)Cl]
+
 is an exception to this observation because its turnover number is slightly lower 
than that of the unsubstituted complex.
2
 Nonetheless the nitro complex still displays 
higher TONs than the equivalent species with electron-donating substituents. In 
considering terpyridine substituents on the 4’ position, an opposite trend was reported 
and electron-withdrawing groups led to lower turnover numbers.
10,11
 This observation 
points out to subtle but important differences in the catalytic potential of bipyridine- and 
phenanthroline-based catalysts. On the other hand, the presence of the electron-
donating—Ph-SMe mercapto substituent in complex 1 has fostered a higher turnover 
number than its unsubstituted counterpart [Ru
II
(terpy)(phen)Cl]PF6, in good agreement 
with the literature.
11
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For complex 1, a first-order kinetic behavior was determined from measurements 
at different concentrations (Figure 3.4.a,b) confirming that O2 generation is dependent 
on the molecular procatalyst. All the complexes required an induction period of 200 to 
300 sec. prior to oxygen detection. The shortest induction period was observed for the 
tetramethylated 4, while the longest is reported for the nitro species 2. This induction 
period has been associated to the conversion of the halido (-Cl, -Br) procatalyst
4
 into the 
more active aqua-substituted catalyst.
10,22
 Further evidence suggests that iodo procatalysts 
and aqua-catalysts do not require this induction period.
4
  The rates of O2 evolution for 1-4 
were determined by measuring the linear portion of the curves after the induction period 
Table 3.2.  Electronic and water-oxidation properties of Complexes 1-4 
Complex λmax (ε) (nm, M
-1
cm
-1
)
 
[a]
   
E1/2 (ΔE) [mV])
 [b]
 
TON
[c]
 Rate [d](µmol 
O2/s) × 10-4 
1 515 (16224) ,435 
(sh,7716), 318 (39614)  
-1862 (68), 405 (74) 410 8.19  
2 518 (18017), 316 
(40689)  
-1063(72), 478 (104) 60 2.40  
3 515 (15673), 429 (sh, 
7492), 316 (40579)  
-1828(104),417 (100) 250 6.92  
4 520 (16997), 422 (sh, 
11018), 319 (45154)   
-1898(118),345 (120) 150 27.3  
[Ru(tpy) 
(phen)Cl] 
PF6 
504 (8733), 432 
(sh,5884), 317 (2884) 
-1979(74),                  
-1871(irrv), 380 (72)* 
370 5.42  
[a]
 UV-visible spectra recorded in 5 x 10
-5
M ACN. 
[b]
 CVs of 1–4 recorded as 1.0 x 10-3 mol L-1 in DCM with 
0.1 M TBAPF6 supporting electrolyte using 100 mV s
-1
 scan rate at RT in an inert atmosphere, WE = glassy 
carbon, RE = Ag/AgCl, CE = Pt wire. All potentials listed versus Fc
+
/Fc. *measured in ACN 
[c]
 
(NH4)2[Ce(NO3)6] (550 mg, 1 mmol) and CF3SO3H (3 mL, pH = 1) were stirred together and the complex 
(100 µL, 8 × 10
-5
 mmol), 24 h. [d] CF3SO3H (pH = 1, 5 mL) and CAN (550 mg), complex (4 × 10
-5
 M). 
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and before 800 sec. (see Table 3.2.).  The highest rate of O2 evolution was observed for 
4, whereas complex 2 indicated the lowest rate, thus in good agreement with other 
published [Ru
II
(terpy)(bipy)Cl]
+
 species.
2
  
 
 
 
 
 
 
 
 
 
 
Figure 3.4. (a) Oxygen generation with different concentrations of  1 over time; (b) First-
order plot of initial rate data for 1; (c) Generation of O2 as a function of time with YSI 
Clark electrode for complexes 1-4. 
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It has been accepted that the formation of a more active aqua-catalyst in aqueous 
acidic media via substitution of the chlorido ligand for water can be inspected by UV-
visible changes.
10
 Furthermore, if the induction period observed for 1-4 is exclusively 
associated to ligand substitution in the Ru
II
 core, then the presence of Ce
IV
 is irrelevant. 
Therefore, UV-visible spectral changes were monitored for 1 excluding Ce
IV
 while 
keeping the other reaction conditions similar to those used for evaluation of O2 rates. As 
precipitation was observed, [Figure 3.5.a] the conditions were changed to an 1:1 mixture 
of ACN : triflic acid (aq.). Under these conditions and in absence of light, conversion to 
the aqua complex was observed, however, with a half-life of 290 min. [Figure 3.5.b] 
This is a 60-fold longer time than the observed 300 sec., suggesting that Ce
IV
 is necessary 
to initiate the catalytic cycle.  
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Figure 3.5. (a) Precipitation of 1 in absence of Ce(IV) (b)UV-visible spectroscopic 
changes for ligand substitution reaction (Ru(II)-Cl Ru(II)-OH2) 
 
Further evidence of the non-trivial conversion of the procatalyst 1 comes from 
time-dependent 
1
H-NMR data in d3-ACN : D2O by following the disappearance of the 
peak at 13.00 ppm. This peak is associated with the phenanthroline H9 proton closest to 
the chlorido ligand (see Scheme 3.1. for proton numbering) and is expected to shift to a 
more downfield value of 12.64 ppm when a water molecule replaces the chlorido ligand. 
We noticed that the original chlorido species remained unchanged in the first 24 h and 
disappeared completely after 120 h. The aqua species can be observed as a minor signal 
after 6 hours, subsequently increasing in intensity and then existing alone after 
approximately 120 h (Figure 3.6., Figure 3.7.). A slower conversion was observed when 
the d3-ACN : D2O ratio was changed to 4:1 (Figure 3.8.). We also followed up the 
chloride-to-aqua conversion for complexes 1-4 in 3:1 d6-DMSO:D2O with triflic acid 
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13.0 12.5 12.013.5
0 h
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120 h
(0.1M). In this solvent mixture the phenanthroline H9 proton appears at 10.19 ppm, and a 
new peak was observed at 8.96 ppm associated with the formation of a triflate-substituted 
entity that is further converted into the aqua species, as observed by a peak at 9.00 ppm 
(Figures 3.9-3.14). Even in this case, the “chlorido” peak at 10.19 ppm is observed and 
does not disappear. Some back-conversion was observed within 3 hours when LiCl was 
added to the aged solutions.  Interestingly, the spectra of the nitro-substituted 2 do not 
vary over time.   
 
 
 
 
 
 
 
 
 
 
Figure 3.6. 
1
H-NMR analysis of 1 in d3-ACN:D2O 1:1 mixture. 
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Figure 3.7. 
1
HNMR analysis of 1 in d3-ACN:D2O 1:1 mixture   
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Figure 3.8. 
1
HNMR analysis of 1 in d3-ACN:D2O 4:1 mixture 
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Figure 3.9. 
1
HNMR analysis of 1 in d6-DMSO:D2O 4:1 mixture 
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Figure 3.10. 
1
HNMR analysis of 1 in d6-DMSO:D2O(0.1M triflic acid) 3:1 mixture 
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Figure 3.11. 
1
HNMR analysis of 2 in d6-DMSO:D2O(0.1M triflic acid) 3:1 mixture 
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Figure 3.12. 
1
HNMR analysis of 3 in d6-DMSO:D2O(0.1M triflic acid) 3:1 mixture 
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Figure 3.13. 
1
HNMR analysis of 4 in d6-DMSO:D2O(0.1M triflic acid) 3:1 mixture 
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Figure 3.14. 
1
HNMR analysis of [Ru(terpy)(phen)Cl]PF6 in d6-DMSO:D2O(0.1M triflic 
acid) 3:1 mixture 
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3.3.5. Reactivity studies 
Oxidative titration of 1 with Cerium(IV). UV-visible spectroscopy has been used to 
monitor the reactivity of aqua-substituted catalysts towards Ce
IV
, 
8
  but no spectroscopic 
studies have been carried out with chlorido containing procatalysts.  Therefore, we have 
generated spectroscopic profiles for 1-4 associated with Ru
III
 and Ru
IV
 species by titrating 
against Ce
IV
 before studying the relative reactivity of these complexes. Addition of 1 
equiv. of Ce
IV
 to complex 1 resulted in ca. 60% decrease in the 518 nm Ru
IIterpy 
MLCT band, (Figure 3.15.a) at the same time that a new band assigned to a Ru
III
 species 
appeared at 413 nm. As the 518 nm band did not disappear completely, this is indicative 
of either incomplete or competitive oxidation, most likely the -SCH3 substituent on the 
terpy ligand, as observed for aromatic thiols.
23
 As shown in Figure 3.15.b, addition of 
two equiv. of Ce
IV
 resulted in complete disappearance of the 518 nm band and 
appearance of yet another band at 360 nm, in addition to that at 413 nm. Available 
literature on [Ru
II
(terpy)(bipy)H2O]
2+ 
complexes, assign this band to either the Ce
IV 
ion or 
to the formation of [Ru
IV
=O]
2+
 species.
3, 5a, 5b, 24,8
 The UV-visible spectrum of 
(NH4)2[Ce(NO3)6] was taken in aqueous acidic media (triflic or nitric acid, pH=1) and 
revealed ill-defined processes at 300 nm (abs ≤ 0.3), whereas an expected ~350 nm CeIV-
related band was not observed. (Figure 3.15.d) This reinforces the idea that the 360 nm 
process in 1 is associated with a high-valent ruthenium species. Titration was continued 
up to five equivalents of Ce
IV
 to monitor changes during one catalytic cycle. 
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       Reductive titration of 1 with Ascorbic Acid. In order to verify that the observed 
spectroscopic profiles are associated with the formation of high-valent Ru species, likely 
Ru
IV
, the same solution treated with five equiv. of Ce
IV
 was titrated with the reducing 
agent ascorbic acid (AA). As illustrated in Figure 3.15.c. the characteristic Ru
IIterpy 
MLCT band reappears at ca. 515 nm, suggesting regeneration of Ru
II
 species. Assuming 
the bivalent Ru
II
 is regenerated, the next question concerns to whether the chlorido ligand 
is replaced by water during the catalytic cycle. Comparison between the UV-visible data 
for previously published [Ru
II
(terpy)(phen)Cl]
+
 and  [Ru
II
(terpy)(phen)H2O]
2+
 suggest a 
hypsochromic shift of 22 nm for the aqua complex.
4
 Since the regenerated MLCT band at 
515 nm does not indicate significant shifts, it is possible that the chlorido group is still 
attached to the catalytic core. Similarly, the bands at 360 and 410 nm associated with a 
high-valent ruthenium species disappear, and the resulting spectrum resembles that of the 
starting complex 1. In summary, 1 seems to reach higher oxidation states while bound to 
the chlorido ligand. This might be possible either via formation of a seven-membered 
[Ru
IV
=O]
+
 
2
 or via bond-breaking and flipping of one of the pyridine units in the 
terpyridine to form a six-membered [Ru
IV
=O]
+
 species. Although further mechanistic 
evaluation will be required, complexes 1-4 would most likely follow the latter case, The 
former mechanism has been verified in [Ru
II
(pda)L2] (pda= 1,10 phenanthroline 
dicarboxylic acid, L = pyridine), where a large O-Ru-O angle grants access of water to 
the ruthenium core.
25
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Figure 3.15.  (a) UV-vis of 0-1eq. Ce(IV) (b) UV-visible spectra of Ce
IV
 (c) UV-visible 
spectral changes for 1 (5 x 10
-5
M in ACN, 2.5 mL) upon oxidation with Ce
IV
 (5 x 10
-3
M 
in aq. triflic acid, 25-125 µL, pH=1). (d) UV-visible spectral changes for oxidized 1 upon 
reduction titration with ascorbic acid (AA) in water (5 x 10
-3
M, 25-125 µL). 
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Time-dependent decomposition of high-valent ruthenium species.  Changes in 
electronic absorption spectra of complex 1 upon reaction with five equivalents of Ce
IV
 are 
shown in Figure 3.16.a. The MLCT band at 518 nm disappeared immediately after 
addition of five equiv. excess of the oxidant. A similar observation has been reported,
24
 
where a comparable band on [Ru
II
(terpy)(bipy)H2O]
2+
 disappeared within 1.2 sec., upon 
addition of a 10-fold excess of Ce
IV
.
  
Over time, the new bands at 360 and 410 nm for 1 
decreased, while a 325 nm band increased. The relative rate of decay of the 360 nm band 
in 1-4 was calculated along with the first order decay plots in (Figures 3.16.b). Complex 
4 shows the highest rate of decay (11.4 x10
-3
 s
-1
), followed by species 1 and 3 (9.9 x10
-3
 
and 8.6 x10
-3
 s
-1
, respectively). The rate observed for 2 reaches 3.4 x10
-3
 s
-1
, and is much 
slower than that of 4. This trend is in good agreement to the observed for the rates of O2 
evolution discussed previously, and the half-lives for the decay of 1-4 are comparable to 
the induction period observed for the rate of O2 evolution (Table 3.3.).  
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Figure 3.16. (a) Spectral changes for 1 over time with Ru
II
 : Ce
IV
 ratio of 1:5, [Ru
II
] = 1 x 
10
-4 
M, 1.5 mL in ACN, [Ce
IV
] = 5 x 10
-4 
M, 1.5 mL in triflic acid (pH=1); (b) First order 
rate profiles for 1-4. 
 
 
Table 3.3. First order rate data 
 
Complex k x10
-3 
 (s
-1
) R t1/2  (s) 
1   (-H) 9.98 -0.999 70 
2   (5-NO2) 3.38 -0.999 200 
3   (5,6-diCH3) 8.65 -0.999 80 
4   (3,4,7,8-tetraCH3) 11.41 -0.999 60 
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Evaluation of the recovered procatalyst. The results outlined in the previous 
sections suggest that the catalytic core in these species is regenerated after catalysis. We 
have recovered and isolated the catalyst in order to address this question in further detail. 
Complex 1 was treated with a 60-fold excess of Ce
IV
 in aqueous triflic acid yielding an 
air-unstable green precipitate after 24 h. This precipitate was isolated by filtration, 
dissolved in DMSO and analyzed by 
1
H-NMR and ESI in the positive mode. Broad peaks 
observed in the 
1
H-NMR of the precipitate are suggestive of a paramagnetic high-
oxidation state different than that of the low spin 4d
6
 Ru
II
 present in 1. In order to verify 
whether the catalytic core is preserved during catalysis, ascorbic acid was added to this 
species prompting an immediate color change from green to red. The 
1
H-NMR of the 
resulting red species was recorded in DMSO and compared with 1 before catalysis. 
Proton labeling for 1 is shown in Scheme 3.1. and Figure 3.17. The phenanthroline 
proton H9 at 10.32 ppm remained unchanged in the recovered catalyst. This fact is 
interpreted as having the chlorido group still coordinated to the ruthenium center. 
However, peak shifts at 9.20, 8.33, and 7.58 ppm suggest structural alteration associated 
with the terpyridine of the recovered catalyst. Since the proton count of the aromatic 
region in both spectra is equivalent, the structural change must be associated with the 
oxidation of the -SMe group into a –SO2Me group.  
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Figure 3.17. 
1
H-NMR spectra in DMSO for 1 (a) before and (b) after catalysis.  
This oxidation has been confirmed by ESI mass analysis (Figure 3.18) where a 
molecular ion peak at m/z = 703.91 is observed. This peak is 32 mass units higher than 
that of the parent peak [Ru
II
(MeMPTP)(phen)Cl]
+ 
for 1. The mother liquor recovered 
after precipitation of the green species was also isolated and analyzed by ESI 
spectrometry in the positive and negative modes. No measureable quantities of any 
ruthenium species was  detected either as discrete catalysts or in Ru/Ce clusters(Figure 
3.19.).
24
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Figure 3.18. ESI mass analysis for1 after catalysis.  
 
 
 
 
 
 
 
 
Figure 3.19. ESI mass analysis of
 
the filtrate  
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3.4. Conclusions  
The water oxidation ability of ruthenium/MeMPTP complexes with several substituted 
phenanthroline ligands was analyzed by evaluation of their turnover numbers and rates of 
O2 generation. Although we treated these species as ‘procatalysts’ to follow the 
established nomenclature that considers the aqua-substituted counterparts as “catalysts”, 
the observed turnover numbers for both classes of compounds are comparable. We can 
summarize our observations as follows: (i) the catalytic O2 generation requires the 
presence of Ce
IV
; (ii) catalytic activity was enhanced by the presence of electron-donating 
groups on the phenanthroline, while electron-withdrawing substituents decrease it 
drastically. As such, turnover numbers follow the sequence 1>3>4>2, while rates of 
oxygen evolution follow 4>1>3>2; (iii) all species require an induction period for 
catalysis, and the rates of O2 generation follow a first-order mechanism in presence of 
excess Ce
IV
; (iv) spectroscopic evidence suggests that during the induction period, high 
oxidation species (possibly Ru
IV 
at 360 nm) are generated, but no evidence of clorido by 
water exchange was observed; (v) decrease of the 360 nm band, related to Ru
V
=O 
generation, associates the highest rates of decay in the order 4>1>3>2; this may be an 
indication that the position, as well as the nature of the substituent play a role in catalysis; 
(vi) rather than an obvious chloride by water exchange, the catalytic core seems to remain 
unchanged even in presence of excess Ce
IV
, thus favoring either a seven-coordinate 
intermediate or a six-coordinate route where a pyridine group on the MeMPTP gets 
uncoordinated; (iv) the presence of the electron-donating -PhSMe group on MeMPTP 
enhances the catalytic activity, although it undergoes oxidation to –SO2Me in presence of 
Ce
IV
. These results highlight significant differences between phenantholine- and 
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bipyridine-based procatalysts, point out to unique electronic nuances of the 
phenanthroline unit, and will be pivotal for the design and optimization of future water-
oxidation catalysts. Future studies will focus on the mechanistic details of the catalytic 
cycle for 1-4, the evaluation of catalytic activity in multimetallic topologies based on 
phenanthroline functionalization, and the use of MeMPTP for self-assembly on gold 
electrodes.  
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CHAPTER 4 
New amphiphilic mononuclear ruthenium complexes: A new approach for surface 
deposition of water-oxidation catalysts as mono and multi layers  
4.1. Introduction 
The solution-based water oxidation with Ru/polypyridil complexes require a 
sacrificial oxidant [eg.Ce(IV)] to initiate the catalytic cycle. These sacrificial oxidants 
have their own strengths and weaknesses. The main advantages are comercial 
availability of such oxidants and rapid measurement times.
1
 However, as reported in 
the literature, these sacrificial oxidants under go auxillary pathways with the catalysts 
towards cluster formation.
2
 Also most of these terminal oxidants are limited to high 
pH values which challenges the fabrication of artificial photosynthetic devices.
3
 
Therefore, a more cleaner approach would be to activate water oxidation catalysts 
electrochemically.    
 In general, thin films of water-oxidation catalysts can be preapred via 
dropcasting,
4
 spin coating,
5
 or with self-aasembled monolayer technique.
6
 However, 
the selection of the surface-deposition technique is dependant on the catalytic cycle. 
Although, random orientation of catalytic molecules in a thin film may not be an issue 
in the case of inorganic water-oxidation catalyts such as TayCo1-yNx,  the water-
oxidation mechanism of molecular catalysts demands a well-organized layered 
strucuture. Because, in the case of certain ruthenium/polypyridine water-oxidation 
catalyts, radical coupling of adjacent “Ru=O” species are required to release 
dioxygen.
7
 Therefore, a well-organized thin film of catalyst will result in effcient 
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water oxidation.     
 There are several studies carried out in order to study electrochemical water 
oxidation. As illustrated by Meyer et.al.
8
 the catalyst  is attached to the ITO surface 
via phosphonate linkers on bipyridine ligand. Then the catalytic cycle is initiated by 
applying a voltage slightly higher than the potential of Ru(II)/(III) couple. The results 
indicate more than 17,500 turnover over a during a period of 500 min. Similar studies 
have been carried out by the Sakai group as well.
6
 Recent studies shows development 
of photoelectrochemical cell with co-adsorbed ruthenium based photosensitizer and 
catalyst assembly on nano structured TiO2 capable of producing oxygen and hydrogen 
with a Pt wire as the counter electrode.
9
 However, all of these studies are limited to a 
monolayer of complex deposited on to a FTO or ITO electrode. Further, these 
techniques involve self assembled monolayer technique to deposit molecules on to a 
surface which require long period of time to form well ordered monolayers.  
 In contrast, Langmuir-Blodgett (LB) technique allows development of well 
ordered monolayer at the air/water interface. Therefore, in complex 1, amphiphilic 
property was integrated to the hydrophylic catalytic core of 
ruthenium/terpyridine/phenanthroline “procatalyst” via hydrophobic 4’-
nonyloxyphenyl substituent on terpyridine as illustrated in Scheme 4.1. 
 
 
 
 
Scheme 4.1. The structure of complex 1 
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 LB isothermal compression data can be used to obtain information regarding 
the surface pressure (stability) and intermolecular distances. Therefore, 
intermolecular distance in a LB film can be varied by conducting a constant-pressure 
dipping process at a desired value, under the assumption that the film transfrred onto 
a surface retain the same packing strucuture. Most importantly, LB method allows 
deposition of multilayers of catalyst.These multi layers of complex can be either X-
type, Y-type, or Z-type depending on the direction of deposition and the type of 
substrate used. X-type or Z-type multilayers can be obtained if the vertical dipping is 
conducted either up or down direction. In the case of hydrophbic substrate, X-type 
multilayer strucuture is obtained where the tail group interacts with the surface. The 
opposite structure is obtained in the case of Z-type multilayer LB film. The most 
common type of LB multilayer structure is Y-type, where deposition is carried out in 
both up and down directions. The Scheme 4.2. illustrates possible molecular 
arrangement of a monolayer and multilayer LB film of complex 1 on indium tin oxide 
(ITO) substrate when Y-type deposition method is used. Further analysis regarding 
the molecular arrangement in a LB film is discussed under UV-visible and IR 
spectrscopic characterization sections in latter part of the chapter. 
 
 
 
 
 
Scheme 4.2. LB film of (a) monolayer (b) multi layers 
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 Threfore, this study will target on (i) developing water oxidation catalysts with 
amphiphilic properties suitable for LB film formation, (ii) characterization of 
electronic and redox properties of LB films on ITO electrode and (iii)  evaluation of 
homogeneouse and heterogeneouse catalysis.  
 
4.2. Experimental section 
4.2.1. Materials and methods 
Unless otherwise noted, reagents and solvents were used as received from commercial 
sources. Methanol and ethanol were distilled over CaH2. 2-acetyl pyridine and 1,10 
phenanthroline were purchased from Alfa Aeser. 4-(nonyloxy)benzaldehyde was 
purchased from Frinton laboratories. RuCl3 was purchased from Strem chemicals. 
Infrared spectra were measured from 4000 cm
-1
 to 400 cm
-1
 as KBr pellets on a Tensor 27 
FTIR spectrophotometer. 
1
HNMR spectra were measured using Varian 300 and 400 mHz 
instruments. ESI (positive) spectra were measured in either a triple quadrupole 
Micromass QuattroLC or in a single quadrupole Waters ZQ2000 mass spectrometer with 
an electrospray/APCI or ESCi source. Experimental assignments were simulated on the 
basis of peak position and isotopic distributions. Elemental analyses were performed by 
Midwest Microlab, Indianapolis, IN. UV-visible spectroscopy from 1.0x10
-5
 M and 
acetonitrile solutions were performed using a Cary 50 spectrometer in the range 250 to 
1100 nm. Cyclic voltammetry experiments were performed using a BAS 50W 
voltammetric analyzer. A standard three-electrode cell was employed with a glassy-
carbon working electrode, a Pt-wire auxiliary electrode, and an Ag/AgCl reference 
electrode under an inert atmosphere at room temperature (RT). Potentials are presented 
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versus Fc/Fc
+
 as the internal standard. 
1
H-NMR spectra were measured using Varian 400 
mHz instruments. 
4.2.2. Compression isotherms 
Monolayer studies were carried out using an automated KSV 200 mini trough at a 
temperature of 23 ± 0.5 ˚C. Since compound 1 indicates formation of domains in the pure 
water subphase, a 1.0 mM sodium terephthalate(Na2TPA) solution was used as the 
subpahse. Ultrapure water (Barnstead NANOpure) with a resistivity of about 18.2 MΩ3 
cm
-1
 was used to prepare the subphase. LB film formation was carried according to the 
following procedure. First, surface of the water sub phase was cleaned by vacuum suction 
in order to remove any floating impurities. Then the complex 1 (0.5 mg/mL, spectra 
grade chloroform) was introduced (80 μL) on to the subphase and the system was 
allowed to equilibrate for 20 minutes. Compression isotherms were obtained at a rate of 
10 mm/min and excellent reproducibility was observed for more than three times of 
independent runs. The surface pressure was measured using the Wilhelmy plate (paper 
plates 20 mm × 10 mm) method. Brewster angle micrographs were taken simultaneously 
with the compression isotherm using a KSV-Optrel BAM300 equipped with a HeNe laser 
(10mW, 632.8mm) and a CCD detector. The field of view was 800 × 600 μm and the 
lateral resolution was about 1 μm. Transfer of complex 1 on to an ITO/glass surface was 
carried out at 15 mN/m surface pressure by Y-type deposition method at 5mm/min rate. 
 
4.2.3. Catalytic properties 
Water oxidation studies were carried out in a 10 mL round bottom flask capped with a 
rubber septum under ambient conditions.   (NH4)2 [Ce(NO3)6] (CAN) (550 mg, 1 mmol) 
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and CF3SO3H (3 mL, pH = 1) were stirred together and the complex (100 µL, 8 × 10
-5
 
mmol) was injected through the septum and mixture was allowed to react for 24 hrs. The 
amount of oxygen generated was measured with Gas Chromatography injecting 100 µL 
of headspace gas sample. The GC is a Gow-Mac 400 with a thermal conductivity detector 
and 8’ × 1/8” long 5Å molecular sieve column operating at 60ºC was used with He as the 
carrier gas. The calibration was carried out with air as the standard (21% O2). The turn 
over number was calculated as the ratio of moles of O2 produced over moles of catalyst 
used. The Clarity software was used for data acquisition from GC. The rate of O2 
evolution was carried in a three neck flask charged with triflic acid (pH = 1, 5 mL) and 
CAN (550 mg) under Ar atmosphere. Prior injecting the complex, the YSI Clark 
electrode was calibrated with O2, Ar and air saturated solutions. After calibration, water 
saturated with air indicates O2 percentage of 20 ± 1%. Then the complex (50µL, 4 x 10
-
5
M, AcN) was injected and %O2 reading was recorded every 10 s. 
 
4.2.4. X-ray structure determination  
A red plate crystal with dimensions 0.28 x 0.27 x 0.05 mm was mounted on a Nylon loop 
using very small amount of paratone oil. Data were collected using a Bruker CCD 
(charge coupled device) based diffractometer equipped with an Oxford Cryostream low-
temperature apparatus operating at 173 K.  Data were measured using omega and phi 
scans of 0.5° per frame for 20 s. The total number of images was based on results from 
the program COSMO
10
 where redundancy was expected to be 4.0 and completeness of 
100% out to 0.83 Å.  Cell parameters were retrieved using APEX II software
10
 and 
refined using SAINT on all observed reflections. Data reduction was performed using the 
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SAINT software 
10
 which corrects for Lp. Scaling and absorption corrections were 
applied using SADABS 
10
 multi-scan technique, supplied by George Sheldrick.  The 
structures are solved by the direct method using the SHELXS-97 program and refined by 
least squares method on F
2
, SHELXL- 97,
 
which are incorporated in SHELXTL-PC V 
6.10.
10
 The structure was solved in the space group P21/n (# 14). All non-hydrogen atoms 
are refined anisotropically. Hydrogens were calculated by geometrical methods and 
refined as a riding model.   There is a disorder at the end of the long alkyl chain.  The 
crystal used for the diffraction study showed no decomposition during data collection.  
All drawings are done at 50% ellipsoids. 
 
4.2.5. Syntheses 
4’-(4-nonyloxyphenyl)-2,2’:6’,2”-terpyridine (TpyOC9) was synthesized by reacting 
two equivalents of 2-acetyl pyridine (30 mmol, 3.63 g) with one equivalence of 4-
nonyloxybenzaldehyde (15 mmol, 3.725 g) in the presence of two equivalence of KOH 
(30 mmol, 1.425 g) and excess NH4OH (37.5 mmol, 43.5 mL) in absolute ethanol (75 
mL) for 4 hours in room temperature. The off-white precipitate formed was isolated and 
recrystalized in ethanol to obtain white color crystals. Yeild: 1.98g (30%), FTIR (cm
-1
): 
2920, 2850 (long chain C-H), 1608, 1567, 1468, 1390 (pyridine rings), ESI MS (m/z): 
452.2699[Tpy
OC9
+H]
+
, 
1
HNMR (CDCl3): δ 8.72(m, 4H), 8.67(d, J = 8.1, 2H), 7.88(m, 
4H), 7.35(dd, J = 6.5, 4.9, 2H), 7.02(m, 2H), 4.03(t, 6.5 x(2), 2H), 1.82(m, 2.04), 1.48(d, 
J = 8.1, 2H), 1.33(m, 10H), 0.89(m,3H)  
[Ru(Tpy
OC9
)(DMSO)Cl2]PF6 was synthesized by reacting one equivalent of tpy
OC9
 (0.5 
mmol, 0.225 g) with [Ru(DMSO)4Cl2](0.675 mmol, 0.302 g) in argon degassed ethanol 
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for 18h. under dark conditions. The product was isolated as a dark brown color 
precipitate with 0.25g (72%) yield. FTIR (cm
-1
): 2922, 2853 (long chain C-H), 1602, 
1519, 1467, 1405 (pyridine rings), 920(S=O), ESI MS (m/z): 666.1 
([Ru(Tpy
OC9
)(DMSO)Cl])
+
, 
1
HNMR (DMSO): δ 9.01(d, J = 4.9, 2H), 8.83(s, 2H), 
8.79(d, J = 8.1, 2H), 8.15(m, 4H), 7.78(d, J = 6.5, 2H), 7.15(d, J  = 8.1, 2H), 4.08(m, 
2H), 2.60(s, 6H), 1.75(m,2H), 1.44(m, 2H), 1.25(m,10H), 0.85(m, 3H) 
[Ru(Tpy
OC9
)(Phen)Cl]PF6 (1) was synthesized by reacting one equivalent of 5 (0.263 
mmol, 0.185 g) with 1,10-phenanthroline (0.263 mmol, 0.0475 g) in argon degassed 
methanol for 18h. under dark conditions. The product was isolated as a dark red color 
precipitate upon addition of NH4PF6. Final product was obtained after column 
chromatography using neutral alumina with AcN:DCM (1:1) mixture with 0.070 g (30%) 
yield. FTIR (cm
-1
): 2924, 2852 (long chain C-H), 1601, 1520, 1466, 1408 (pyridine 
rings), 846.81 (PF6
-
), ESI MS (m/z): 768.2 ([Ru(Tpy
OC9
)(Phen)Cl])
+
, 
1
HNMR (DMSO): 
δ 10.31(d, J = 4.1, 1H), 9.17(s, 2H), 8.94(m, 3H), 8.37(m, 5H), 8.21(d, J  = 8.1, 1H), 
7.95(t, 7.7x(2), 2H), 7.82(d, J  = 4.9,  1H), 7.45(m, 3H), 7.24(d, J  = 7.3, 4H), 4.13(br.s, 
2H), 1.78(s, 2H), 1.28(m, 12H), 0.86(m, 3H) 
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4.3. Results and discussion 
4.3.1. Synthesis and characterization 
The amphiphilic nature necessary for LB formation is linked to the 
Ru/terpyridine/phenanthroline catalytic core via 4-nonyloxy substituent in terpyridine. 
The synthesis of ligand 4’-(4-nonyloxyphenyl)-2,2’:6’,2”-terpyridine (TpyOC9) involves 
Aldol condensation followed by Michael addition in a “one-pot” reaction. The synthetic 
scheme is illustrated in Scheme 4.3. The precursor complex, [Ru(Tpy
OC9
)DMSOCl2] 
synthesized and characterized by 
1
H-NMR and mass spectroscopic techniques where m/z 
peak for M
+
 ion appeared at 666.1. Complex 1 was yielded reacting 1:1 equivalence of 
the precursor complex with 1,10-phenanthroline in methanol. Further purification of 1 
was conducted via column chromatography. ESI mass analysis indicated presence of 
molecular ion peak at m/z 768.2 for M
+
 ion. 
1
H-NMR spectrum of 1 indicated 22 protons 
corresponding to the aromatic region and 17 protons related to the aliphatic nonyloxy 
substituent as expected. FTIR spectroscopic analysis of 1 indicated bands at 2925-2850 
cm
-1
 corresponding to –CH2 vibrations of the alkane chain followed by 1600-1400 cm
-1
 
for pyridine rings and a band at 846.81cm-1for PF6
-
 counter ion. In additon, complexe 1 
was further characterized with UV-visible spectroscopy and cyclic voltametry. Thin film 
formation properties of 1 was evaluated with LB isothermal compression. Finally, water 
oxidation activity was analyzed for complex 1 under homgeneouse and heterogeneouse 
conditions. A detailed analysis of above mentioned characterization is given under each 
section. 
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Scheme 4.3. Synthetic scheme for complex 1 
4.3.2. Structural characterizations 
The structure of 1 as illustrated in Figure 4.1 indicates octahedral geometry around the 
ruthenium center. The structure clearly indicates the presence of the long hydrocarbon 
chain essential for amphiphilic properties. The length of the molecule was calculated 
between the last C atom on the long hydrocarbon chain (C42) to phenathroline (C2) as 
24.54 Å. Then the width of the catalytic head group was calculated as the width of 
terpyridine unit (C25 - C15) as 9.14 Å. The theoretical area of the molecule on was 
calculated considering the cross sectional area of the polar head group as 66 Å
2
.  
 
 
 
 
Complex 1 
Figure 4.1. X-ray crystal structure of complex 1 
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Table 4.1. Crystal Structure data 
 1/CH3CN  
Formula C44 H44 Cl F6 N6 O 
P Ru S  
FW 954.34  
Space 
group 
Monoclinic, P 
21/n  
a(Å) 13.5117(15)  
b(Å) 14.9765(17)  
c(Å) 21.206(2)  
α(deg) 90  
β(deg) 96.3980(10)  
γ(deg) 90  
V(Å
3
) 4264.6(8)  
Z  4  
Temp 
(K) 
173(2)  
λ(Å) 0.71073  
ρ(mg m-
3
) 
1.486  
µ(mm
-1
) 0.537  
R(F) 
(%) 
5.86  
Rw(F) 
(%) 
10.55  
 
Table 4.2. Selected bond lengths and angles 
Bond length (Å)  Bond angle    
Ru – N1  2.089 N3 – Ru – N4  79.07  Radius  4.57 (Å)
2 
 
Ru – N2  2.042 N4 – Ru – N5  79.91  Area  65.58 (Å)
2 
 
Ru – N3  2.061 N5 – Ru – N1  97.43  Volume  399.53(Å)
2 
 
Ru – N4  1.955 N1 – Ru – N3  103.61    
Ru – N5  2.075 N2 – Ru – Cl  172.82    
Ru – Cl  2.4114     
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4.3.3. Langmuir-Blodgett isothermal compression 
The behavior of complex 1 in air/water interface was evaluated by recording a 
compression isotherm and Brewster angle micrographs (BAM) images. A typical 
compression isotherm provides information on the formation of mono and multilayer 
films, phase transitions taking place during compression, molecular area of interest (area 
of interaction, critical area) and collapse pressure and collapse mechanism. The 
compression isotherm for complex 1 was recorded at 23.5 ˚C as a plot of surface pressure 
(Π, mN/m) versus average molecular area (Å2). First, complex 1, dissolved in chloroform 
(volatile organic immiscible solvent) was spread on to ultra-pure water subphase. Then 
the surface pressure was increased as a result of interaction between individual 
amphiphilic molecules due to the decreasing the distance between barriers of the LB 
trough. The resulting isothermal compression isotherm is illustrated in Figure 4.2. 
Individual molecules started interacting at 65 Å
2
 which is indicated by the starting 
point of rapid increase of surface pressure in compression isotherm. The observed value 
is comparable with the theoretical area (65.58 Å
2
) of the hydrophilic head group based on 
the X-ray crystal structure data. Further, at 49 Å
2
 molecular area the most compact film is 
formed indicated as the steepest increase in surface pressure. The film undergo constant 
pressure collapse at 45 mN/m.
11
 The quality of the LB film formed was evaluated further 
by taking BAM images as illustrated in Figure 4.3.  Although the compression isotherm 
indicates increased interaction between amphiphilic molecules with the decreased barrier 
distance, the BAM images indicates presence of domains which may due to the formation 
of Newton rings.
12
 These suggest possible formation of multilayers 
13
 which results in 
poor quality films. Similar incidents have been previously reported in our group with 
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copper pseudomacrocyclic (PM) and open-frame (OF) ligands based on 2,6- 
bis(iminomethyl)-4-methylphenol attached to octadecyl (18), trialkoxyamine (tax) and 
tetradecyl (14) moieties. However, when the subphase was mixed with disodium 
terephthalate (Na2TPA) considerable enhancement of LB film formation was observed. 
Therefore, similar strategy was applied and a considerable improvement of LB film 
formation was observed as shown in BAM images in Figure 4.3. The critical molecular 
area obtained in Na2TPA (1.0 mM) subphase is 21Å
2
 higher than the ultrapure water 
suggesting possible interaction of complex 1 with TPA
2-
 ion in order to form a 
homogeneous film.  The LB data is indicated in Table 4.3.   
 
 
 
 
 
 
 
 
 
Figure 4.2. LB compression isotherm in ultra-pure water subphase and Na2TPA (1.0 
mM) subphase 
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Figure 4.3. Brewster angle micrographs of LB films at air/water interface 
Table 4.3. LB compression isotherm data 
 
 
 
 
Subphase Ultra pure 
water 
Na2TPA (1 .0 
mM) 
Area of interaction (Å)
2
 65 63 
Critical Area (Å)
2
 49 60 
Collapse (mN/m) 45 36 
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4.3.4. Characterization of the LB films 
Advantages of LB technique are not limited to the formation of well-ordered films at the 
air/water interface, but also it is relatively easy to transfer the ordered two-dimensional 
pattern on to a substrate. The compression isotherm provides valuable information when 
selecting the appropriate surface pressure to carry out deposition. The surface pressure 
selected for dipping should be within the linear region of the compression isotherm and 
ideally well below the collapse pressure. Further, there should not be any domain 
formation observed in BAM images. Accordingly, deposition of complex 1 on to glass 
and indium tin oxide (ITO) substrates was carried out at 15 mN/m surface pressure. The 
Y-type surface deposition method was used when transferring multi layers of complex 
1.
14
 In order to ensure the successful transfer of complex on to a substrate, spectroscopic 
and redox properties of LB films were evaluated.   
Infra-red reflection absorption spectroscopy (IRRAS) is an excellent method to 
record the vibrational spectra of the LB films deposited on to a substrate. This technique 
provides information regarding structure and orientation of molecules on the surface. 
IRRAS spectra of 17 monolayers of complex 1 deposited on to a glass substrate and bulk 
in KBr are given in Figure 4.4. IRRAS spectra were recorded at 30
o
 angle of incidence. 
Spectrum was obtained as the difference spectra after subtracting the spectra of the water 
vapor. LB film shows asymmetric and symmetric –CH2 stretching frequencies at 2930 
cm
-1
 and 2854 cm
-1
 associated with the long hydrocarbon chain. Aromatic region of the 
spectra indicates the presence of C=C and C=N stretching frequencies at 1604 and 1518 
cm
-1
 ascribed to polypyridine rings similar to that of previously reported self-assembled 
monolayers of Fe/terpyridine molecular wires.
15
 The band at 1473 cm
-1
 is ascribed as –
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CH2 scissoring vibration 
16
 followed by the band related with PF6
-
 counter ion at 846 cm
-1
 
confirming charge balance. However, bands related to carboxylate anions of NA2TPA at 
1710 – 1690 cm-1 were not visible in the IRRAS spectra, suggesting it may not be 
directly coordinated to the ruthenium center. 
17
 The reflectance-absorbance (RA) of IR 
signal could be either positive or negative depending on the (i) direction of dipole 
moment during the normal mode of vibration, (ii) polarization of incident light, and (iii) 
proximity of angle of incident close to Brewster angle. 
16
 As a result, in Figure 4.4a, 
bands with negative intensities were obtained for –CH2 region while Figure 4.4b and 6c 
indicate positive bands associated with the aromatic and PF6
-
 counter ion regions. A 
similar trend was reported in the literature with LB films of 
dimyristoylphosphatidylcholine (DMPC) where a negative amide band was observed 
when the α–helix is perpendicular to the interface. 18 Further, –CH2 vibrations in IRRAS 
spectra of complex 1 can be used to gather information regarding the conformationally 
ordered state of the LB film. If the long alkane chains are packed perpendicular to the 
ITO surface, the transition dipole moments related to symmetric stretch of –CH2 lies 
parallel to the interface resulting lowering of the band to 2849 cm
-1
. However, LB films 
of complex 1 indicate –CH2 symmetric stretching at 2854 cm
-1
, suggesting tilted alkane 
chains with respect to the interface. This observation is further verified by the scissoring 
mode of –CH2 band appear as a singlet at 1473 cm
-1
 due to the tilted hydrocarbon chain 
with low intensity.
16
 Most importantly, the spectra observed for the complex 1 in bulk is 
comparable to the IRRAS spectra of the film confirming ligand architecture is intact 
during deposition. 
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Figure 4.4. PM-IRRAS spectra of LB films of complex 1 on glass substrate deposited at 
15 mN/m; spectra recorded at 30
0
 angle of incidence (a) alkain chain region (b) aromatic 
region (c) PF6
-
 counter ion region 
 
IRRAS is an excellent tool to confirm functional group identities and the 
molecular orientation in a thin film. However, it does not provide sufficient information 
regarding the oxidation state associated with the ruthenium center. Therefore, a 
comparison of UV-visible spectra of complex 1 in solution with the LB film is necessary. 
According to the Figure 4.5a, the band at 515 nm for complex 1 in ACN is ascribed to 
metal to ligand charge transfer (MLCT) from Ru(II) to terpyridine ligand. 
19
 The presence 
of MLCT band at 530 nm in the LB film related to Ru(II) oxidation state confirms that 
the complex did not undergo oxidation during LB process. Further, MLCT band 
(c) 
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associated with Ru(II) in the LB film indicates a red shift of about 15 nm suggesting 
formation of J -aggregates.
20
  As a result, multi layers of LB films deposited on to an ITO 
substrate ultimately occupy a brick type structure as illustrated in Figure 4.5b.
21
 The 
formation of brick type multi layers is particularly important for catalysis as it open 
channels for electrolyte/H2O transport. The MLCT band position of Ru(II) to terpyridine 
do not indicate a shift in wave length as the subphase is changed from ultra-pure water to 
1.0 mM Na2TPA verifying carboxylate anions are not coordinated to the ruthenium 
center. 
 
 
 
 
 
 
 
 
 
Figure 4.5. (a) UV-visible spectra of complex 1 in ACN and LB films (b) suggested 
packing type of molecules in LB film 
(a) 
(b) 
(a) 
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4.3.5. Redox properties 
Cyclic voltammetry can be used to monitor any ligand substitution that could happen 
during LB process.  It is possible to replace the chloride ligand coordinated to ruthenium 
by a water molecule or the carboxylate anion. 
22
 Therefore, redox properties of complex 1 
were evaluated in solution as well as on ITO surface. Cyclic volatammagram of complex 
1 in acetonitrile indicates three reversible redox couples as shown in Figure 4.6a and 
Table 4.4. In all cases potentials were reported against standard Ag/AgCl electrode. 
Processes at -1549 mV and -1388 mV can be attributed to reduction of pyridine rings in 
terpyridine and phenanthroline ligands. The redox couple for Ru(III)/Ru(II) appear at 829 
mV 
23
 and the complex 1 on ITO surface indicate Ru(III)/Ru(II) couple at 785 mV 
comparable to complex 1 in solution. However, due to the limited potential range of ITO 
electrode, redox processes associated with pyridine rings were not observed. Further, 
absence of multiple redox couples associated with ruthenium center suggests presence of 
the pure complex 1 on the surface. In order to assure redox properties are not limited to a 
monolayer, dipping was carried out preparing multi-layer of complex 1. As shown in 
Figure 4.6b, the peak current associated with Ru(III)/Ru(II) couple increase linearly with 
the increasing number of LB monolayer the ITO electrode confirming the possibility of 
extending catalysis to multi layers. Even though, alkane chains could act as an insulator, 
the observed redox response for multi layers may follow a ‘stepping stone’ mechanism.24  
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Figure 4.6. a) Cyclic voltamagrams of complex 1 in ACN and on ITO surface in KNO3 
(aq) solution b) Redox response dependence on number of monolayers (inset; Linear 
behavior of anodic peak current w.r.t. number of monolayers) 
 
Table 4.4. Redox properties of complex in solution and on LB films ITO surface 
 
 
 
 
CV of bulk: 
[a] 
WE=glassy carbon, RE=Ag/AgCl, CE= Pt wire, TBAPF6 supporting electrolyte, ACN, 100 
mV/s ; 
[b] 
CV of LB monolayer ITO WE), RE=Ag/AgCl, CE=Pt wire, 0.1 M KNO3 supporting electrolyte, 
100 mV/s 
 
Process Assignment E1/2(ΔEp) [mV]) 
[a]
Bulk  1 Pyridine 
reduction  
-1549 (70) 
Bulk 2 Pyridine 
reduction  
-1388 (80) 
Bulk 3 Ru(III)/Ru(II)  829 (58) 
[b]
LB 
monolayer 
Ru(III)/Ru(II)  785 (58) 
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It is important to confirm the LB films are strongly adsorbed to the ITO surface 
prior evaluating heterogeneous catalysis. Therefore, a comparison between Nernstian 
behavior of Ru(III)/Ru(II) couple in solution and on ITO surface is necessary. The peak 
current (ip) is linearly proportional to (i) the square root of scan rate (ν
1/2
) for species 
present in solution(equation 1) and (ii) proportional to the scan rate(ν) for species on a 
surface (equation 2) where, n is number of electrons (n=1 for Ru(III)/Ru(II)), A is area of 
electrode (cm
2
), D0 is diffusion coefficient (cm
2
/s), C0* concentration (mol/cm
3
), and Γ0* 
is surface coverage (mol/cm
2
). 
       ip=(2.69 x 10
5
)n
3/2
AD0
1/2
Co*ν
1/2 
                             (1) 
    ip=(9.39 x 10
5
)n
2AΓ0* ν                                              (2) 
Consequently, a linear dependence of peak current was observed versus square 
root of the scan rate for Ru(III)/Ru(II) couple in solution as shown in Figure 4.7a.
25
 In 
contrast, the electrochemical behavior of species strongly adsorbed on to a surface exhibit 
a linear dependence of peak current to scan rate as illustrated in Figure 4.7b. Further, 
equation 2 can be used to calculate the surface coverage of the LB film. Chapter 2 
illustrates the method of calculation. Accordingly, ITO electrode covered by 21 
monolayer’s results in surface coverage of 1.0 x 10-10 mol/cm2 which is greater than 
previously reported methods.
6
 Therefore, LB technique allows greater surface coverage 
of water oxidation molecules anticipating higher catalytic activity.  
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Figure 4.7. Redox response of Ru(III)/(II) couple in (a) ACN solution (b) ITO surface (c) 
square root of scan rate dependence on peak current (d) scan rate dependence on peak 
current 
4.3.6. Water-oxidation studies 
Water oxidation properties of complex 1 were evaluated by measuring the turnover 
number and the rate of oxygen evolution in solution. In the presence of a strong oxidizing 
agent (Ce(IV)), complex 1 undergoes water oxidation according to the following equation 
3.
22a
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catalyst 
            4Ce
IV
 + 2H2O   4Ce
III 
+ O2 + 4H
+
    (3) 
Turnover number of the catalyst indicates the number of catalytic cycles it undergoes 
during a given period of time in the presence of a sacrificial oxidant like 
(NH4)2[Ce(NO3)6]. The experiment was carried out under atmospheric conditions and the 
amount of oxygen generated was measured with gas chromatography. Water oxidation 
studies were carried out in a 10 mL round bottom flask capped with a rubber septum 
under ambient conditions.   (NH4)2 [Ce(NO3)6] (CAN) (550 mg, 1 mmol) and CF3SO3H 
(3 mL, pH = 1) were stirred together and the complex (100 µL, 8 × 10
-5
 mmol) was 
injected through the septum and mixture was allowed to react for 24 hrs. The amount of 
oxygen generated was measured with Gas Chromatography injecting 100 µL of 
headspace gas sample. The complex 1 undergoes 87 turnovers during 24 hours. However, 
the observed turnover number is low when compared to the previously reported 
complexes with similar coordination environment around the ruthenium center.
26
 The 
Complex 1 must incorporate a water molecule during the catalytic cycle in order to 
conduct water oxidation. Hence, presence of the long alkane chain can result steric 
hindrance slowing the binding a water molecule. 
26
  
The activity of the complex 1 toward water oxidation in solution was monitored 
by recording the amount of oxygen produced with Clark type electrode. The rate of O2 
evolution was carried in a three neck flask charged with triflic acid (pH = 1, 5 mL) and 
CAN (550 mg) under Ar atmosphere. After calibration, water saturated with air indicates 
O2 percentage of 20 ± 1%. Then the complex (50µL, 4 x 10-5M, AcN) was injected and 
%O2 reading was recorded every 10 s.The complex 1 indicate pseudo first order behavior 
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with respect to the concentration as illustrated in Figure 4.8 and Table 4.5. The 
complexes with chlorido groups at the sixth coordination position indicate an induction 
period prior increasing the level of oxygen. According to the literature this is attributed as 
the time taken to convert such complexes in to an ‘active’ form which carry out water 
oxidation.
22a, 27
 Accordingly, complex 1 indicates approximately 1000 s of incubation 
period prior increasing the level of oxygen. All rate measurements were conducted under 
an inert atmosphere and the rate was calculated using data which show the increase in the 
level of oxygen.  
Table 4.5. Concentration dependence of rate of oxygen evolution with time 
 
 
 
 
 
 
 
 
 
Figure 4.8. Oxygen generation with respect to complex 1 concentration 
Concentration Rate (µmol/s) R
2
 
2 x 10
-5
 M 1.34 x 10
-4
 0.997 
4 x 10
-5 
M 1.62 x 10
-4
 0.998 
6 x 10
-5 
M 2.11 x 10
-4
 0.999 
8 x 10
-5 
M 2.19 x 10
-4
 0.998 
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It is important to study the redox properties of the complex 1 in the presence of 
Ce(IV) to monitor the formation of high valent ruthenium species before studying 
electrocatalysis. The redox response observed in the presence of Ce(IV) is illustrated in 
Figure 4.9. In addition to Ru(III)/Ru(II) couple, two addition redox processes were 
observed in the presence of Ce(IV). These can be ascribed to [Ru(III)-
OH]
2+
/[Ru(IV)=O]
2+
 at 1.39V and [Ru(IV)=O]
2+
/[Ru(V)=O]
3+
 catalytic wave at 
1.84V.[1] Further, the catalytic peak current is increased with the increasing amounts of 
Ce(IV). Similar catalytic peak for water oxidation is observed in literature for 
homogeneous and heterogeneous water oxidation.
1a,6
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Figure 4.9. (a) Redox properties of complex 1 in the presence of Ce(IV) (b) 
heterogeneous water oxidation at ITO electrode modified with LB monolayer 
 
Next, water oxidation properties of LB film on ITO electrode was studied in 0.1M 
Na2SO4/H2SO4 media (pH=4). The presence of a irreversible anodic catalytic current at 
1.5V for the ITO electrode modified with a monolayer of complex 1 compared to the bare 
ITO electrode gives clear evidence for heterogeneous water oxidation as illustrated in 
Figure 4.10a.
6
 Further, complex 1 on ITO electrode shows the 
[Ru(IV)=O]
2+
/[Ru(V)=O]
3+
 process at 1.6 V which is about 0.2 V lower when compared 
to the complex 1 in solution. As previously mentioned, complex 1 in solution behaves as 
a mononuclear water oxidation catalyst. However, under high surface coverage, the 
possibility of following a bimolecular pathway to release dioxygen cannot be ruled out.
28
 
Therefore, dependence of catalytic peak current on surface coverage was evaluated.  As 
surface pressure increased, the distance between amphiphilic molecules at the air/water 
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interface is decreased hence; a more compact film is formed as shown in Figure 4.10a. 
Consequently, the catalytic peak current show linear dependence with the surface 
coverage as illustrated in Figure 4.10c. This suggests even at very close proximity, 
complex 1 follows a unimolecular pathway to release dioxygen. Further, the absence of a 
catalytic wave ~1.15V vs. Ag/AgCl associated with Cl
-
/Cl2 couple indicates, release of 
chlorine gas from bimolecular coupling of adjacent catalytic molecules is not possible.  
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Figure 4.10. (a) Surface overage of monolayer of complex 1 on ITO electrode (1cm
2
) at 
different surface pressures, (b) catalysis of ITO electrodes prepared at different surface 
pressures (c) catalytic peak current dependence against surface coverage.   
 
A monolayer of complex 1 is expected to bind to the ITO surface via electrostatic 
attraction forces with catalytic core facing towards the ITO surface. In order evaluate this 
orientation has a negative impact on the catalytic properties, ITO electrode was modified 
with a monolayer of heptadecanoic acid (HDNA) (CH3(CH2)17COOH) as a hydrophobic 
coating. Then the long alkane chain of complex 1 is expected to interact with the 
hydrophobic chain of HDNA hence, the subsequent monolayer of complex 1 is expected 
to orient the catalytic core open to solvent. Surprisingly, the results indicate this 
orientation results in lower catalytic current as indicated in Figure 4.11a. A possible 
reason could be the monolayer of HDNA acting as passivation agent resulting poor 
electron transport. The main advantage of the LB technique is that it allows transfer of 
more than one layer of compound on to the surface. The catalytic peak current 
5 10 15 20 25 30 35
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
S
u
rf
a
c
e
 c
o
v
e
ra
g
e
 x
 1
0-
1
1
 (
m
o
l/
c
m
2
)
Dipping surface pressure (mN/m)
Equation y = a + b*x
Weight No Weighting
Residual Sum of
 Squares
0.09416
Adj. R-Square 0.8994
Value Standard Error
B Intercept 0.64996 0.20217
B Slope 0.04799 0.0091
(c) 
120 
 
dependence with increasing number of LB films is shown in Figure 4.12b. The catalytic 
wave indicates increase in peak current with the number of LB monolayers on the ITO 
electrode proposing that the water oxidation properties are not limited to the outer most 
monolayer of compound.  
 
 
 
 
 
 
 
 
Figure 4.11. Heterogeneouse water oxidation at ITO electrode modified with  1, 11 and 
51 LB monolayers of complex 1 
 
4.4. Conclusions 
We have successfully synthesized and characterized amphiphilic water oxidation 
procatalyst which indicate high stability toward LB film formation. UV-visible spectra, 
IRRAS and CV response for bulk and LB films deposited on ITO electrode indicate that 
the the complex can be successfully transferred on to a solid substrate. Complex 1 has 
moderate water oxidation properties in solution and heterogeneous water oxidation takes 
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place at 1.5V (versus Ag/AgCl). Further, for the first time we demonstrate that it is not 
limited to the outer most layer of the film. In conclusion, we have introduced surfactant 
properties for water oxidation core which allows formation of uniform films with high 
surface coverage which is a very important step toward electrocatalytic water oxidation.  
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CHAPTER 5 
Evaluation of electronic and redox properties of Ru/terpyridine complexes with 
redox non-innocent ligands; catechol and amino catechol in bulk and in thin films. 
 
5.1. Introduction 
Ruthenium/terpyridine complexes with redox non-innocent 3,5-di-tert-butyl-2-
(phenylamino)catechol (L
1
) and 3,5-di-tert-butylcatechol (L
2
) gained attention as 
potential catalysts for many chemical reactions.
1,2
 Electrochemistry of these complexes 
often challenge explicit assignment due to the presence of multiple ground state 
resonance structures and redox transformations associated with the ligand.
3,4,5,6
 
According to  Scheme 5.1 the most reduced state of the ligand is the catechol form which 
undergoes one electron oxidation to semiquinone followed by further one electron 
oxidation to the most oxidized quinone form.
3
 Most importantly, these redox states are 
available at relatively lower reduction potentials (-0.9 V - 1.5 V)
7,8
 compared to 
polypyridine based ligands (above -1.0 V).
9
 Therefore, availability of ligand centered 
reduction processes at lower potentials is advantageous when utilizing these complexes 
as potential candidates for water oxidation and molecular electronics based applications. 
 Most of the studies on mononuclear water oxidation catalysts is focused on 
Ru
II 
coordination complexes with pyridine rich coordinating environment.
 
It is 
reported that the water oxidation mechanism of complexes of the type 
[Ru(tpy)(bpy)H2O]
2+
 involve oxidation of Ru
II
 state to Ru
V
 or  Ru
VI
.
10,9
 These 
complexes exhibit typical turnovers of ~400 during a period of 24 h and turnover 
frequencies (TOF) of 0.035 s
-1
.
9,11
 A recent study by Licheng Sun has demonstrated 
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over ten fold increase of catalytic TOF for Ru
II
 complexes coordinated to anionic 
ligands such as carboxylates
12,13
 or phenolates,
14
 than typical pyridine rich catalysts. 
Furthermore, electrocatalytic studies reported by Tanaka and co-workers have shown 
bis-ruthenium/terpyridine complexes with L
2
 are very efficient water oxidation 
catalysts.
2,15
 Redox active species play a vital role not only as catalysts but also as 
redox mediateors such as tyrosene which regulates the proton coupled electron 
transfer, hence maintaining the charge balance during natural photosynthesis.
16
 
Therefore, mononuclear ruthenium/terpyridine complexes could be prospective 
candidates as water oxidation catalysts as well as agents to facilitate proton coupled 
electron transfer. Furthermore, ruthenium/polypyridine complexes are also important 
candidates towards molecular electronics such as memory storage 
17,18
 or as current 
rectifyers.
19
 Ruthenium/acetylacetone(acac) based complexes showed rectifying effect 
due to significant mixing of metal orbitals with acac ligand.
19
 Therefore, 
ruthenium/terpyridine complexes with L
1
 and L
2
 ligands serve as potential candidates 
for molecular electronics as these complexes indicate significant mixing of metal 
orbitals with π* orbitals of the ligand.3 Current rectification behavior of such 
complexes will be perticulary important for potential photocatalytic water-oxidation 
devices. Because, a monolayer of cuurent rectifiyer will aid uni-directional current 
flow avoiding charge recombination.   
 
 
 
Scheme 5.1. Redox sequence for catechol and amino catechol based ligands.
3
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 In previous studies, thin films of ruthenium/terpyrdine complexes with L
2
 
ligand were prepared via dropcasting method.
2
 However, dropcasting method is 
unable to maintain a well-ordered monolayer which is essential to conduct efficient 
catalysis, as well as to study unidirectional current flow. Therefore, amphiphilic 
properties were introduced to the redox-active core to employ Langmuir-Blodgett 
technique for monolayer formation. Complexes studied in this chapter are illustrated 
in Scheme 5.2 below. Complexes 1 and 2 will highlight how variations in the ligand 
design will effect redox and spectroscopic properties. Further observations of effect 
of negatively charged and neutral axial ligan was studied via complexes 2 with 
chlorido ligand and 3 with neutral dimethylsulfoxide axial ligands. 
 
 
 
 
 
 
 
 
 
 
Scheme 5.2. Ruthenium/terpyridine complexes with amino catechol and catechol ligands; 
Complex 1 = [Ru(Tpy
OC9
)(L
1
)Cl]PF6, Complex 2 = [Ru(Tpy
OC9
)(L
2
)Cl], Complex 3 = 
[Ru(Tpy
OC9
)(L
2
)DMSO]Cl 
 
 
 
(1) (2) (3) 
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5.2. Experimental section 
5.2.1. Materials and methods 
Unless otherwise noted, reagents and solvents were used as received from commercial 
sources. Methanol and ethanol were distilled over CaH2. 2-acetyl pyridine and ,5-di-tert-
butylcatechol were purchased from Aldrich. 4-(nonyloxy)benzaldehyde was purchased 
from Frinton laboratories. RuCl3 was purchased from Strem chemicals. The ligand 3,5-di-
tert-butyl-2-(phenylamino)catechol was synthesized according to the literature.
20,21
 
Infrared spectra were measured from 4000 cm
-1
 to 400 cm
-1
 as KBr pellets on a Tensor 27 
FTIR spectrophotometer. 
1
H-NMR spectra were measured using Varian 400 mHz 
instrument. ESI (positive) spectra were measured in either a triple quadrupole Micromass 
QuattroLC or in a single quadrupole Waters ZQ2000 mass spectrometer with an 
electrospray/APCI or ESCi source. Experimental assignments were simulated on the 
basis of peak position and isotopic distributions. Elemental analyses were performed by 
Midwest Microlab, Indianapolis, IN. UV-visible spectroscopy from 5.0x10
-5
 M and 
dichloromethane solutions were performed using a Cary 50 spectrometer in the range 250 
to 1100 nm. Cyclic voltammetry experiments were performed using a BAS 50W 
voltammetric analyzer. A standard three-electrode cell was employed with a glassy-
carbon working electrode, a Pt-wire auxiliary electrode, and an Ag/AgCl reference 
electrode under an inert atmosphere at room temperature (RT). Potentials are presented 
versus Fc/Fc
+
 as the internal standard.  
5.2.2. Compression isotherms 
Monolayer studies were carried out using an automated KSV 200 mini trough at a 
temperature of 23 ± 0.5 ˚C. Ultrapure water (Barnstead NANOpure) with a resistivity 
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18.2 MΩ3 cm-1 was used to prepare the subphase. LB film formation was carried 
according to the following procedure. First, surface of the water sub phase was cleaned 
by vacuum suction in order to remove any floating impurities. Then the complex 1-3 (1.0 
mg/mL, spectra grade chloroform) was introduced (30-80 μL) on to the subphase and the 
system was allowed to equilibrate for 20 minutes. Compression isotherms were obtained 
at a rate of 10 mm/min and excellent reproducibility was observed for more than three 
times of independent runs. The surface pressure was measured using the Wilhelmy plate 
(paper plates 20 mm × 10 mm) method. Brewster angle micrographs were taken 
simultaneously with the compression isotherm using a KSV-Optrel BAM300 equipped 
with a HeNe laser (10mW, 632.8mm) and a CCD detector. The field of view was 800 × 
600 μm and the lateral resolution was about 1 μm. Transfer of complex 1-3 on to an 
ITO/glass surface was carried out at 15 mN/m surface pressure by Y-type deposition 
method at 5mm/min rate. 
5.2.3.  X-ray structure determination 
A purple needle crystal of 1 was cut to dimensions 0.54 x 0.32 x 0.11 mm was mounted 
on a mitogen loop using very small amount of paratone oil. Data was collected on a 
Bruker APEX-II Kappa geometry diffractometer with Mo radiation and a graphite 
monochromato using a Bruker CCD (charge coupled device) based diffractometer 
equipped with an Oxford Cryostream low-temperature apparatus operating at 100 K. Data 
was measured using omega and phi scans of 0.5° per frame for 20 s. The total number of 
images was based on results from the program COSMO 
22
 where redundancy was 
expected to be 6.0 and completeness to 0.73 Å to 99%. Cell parameters were retrieved 
using APEX II software
23
 and refined using SAINT on all observed reflections. Data 
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reduction was performed using the SAINT software
24
 which corrects for Lp. Scaling and 
absorption corrections were applied using SADABS
25
 multi-scan technique, supplied by 
George Sheldrick. The structure was solved by the direct method using the SHELXS-97 
program which is part of APEX II 2 and refined by least squares method on F2, 
SHELXL-97,
26
 which is incorporated in OLEX 2.
27
 The structure was solved in the space 
group P1 (# 2). All non-hydrogen atoms are refined anisotropically. Hydrogens were 
calculated by geometrical methods and refined as a riding model. There was a significant 
amount of disorder in one of the t-butyl groups as well as the alkyl chain. Therefor partial 
occupancies were assigned to C17, C18 and C19. Furthermore, there was significant 
solvent disorder, and SQUEEZE had to be employed in order to account for two toluene 
molecules. [Analysis done by H. Baydoun, WSU] 
A green needle crystal of complex 3 was cut to dimensions 0.30 x 0.18 x 0.04 mm 
was mounted on a Nylon loop using very small amount of paratone oil. Data was 
collected using a Bruker CCD (charge coupled device) based diffractometer equipped 
with an Oxford Cryostream low-temperature apparatus operating at 173 K.  Data was 
measured using omega and phi scans of 0.5° per frame for 30 s. The total number of 
images was based on results from the program COSMO
22
 where redundancy was 
expected to be 4.0 and completeness to 0.83 Å to 100%. Cell parameters were retrieved 
using APEX II software
23
 and refined using SAINT on all observed reflections. Data 
reduction was performed using the SAINT software
24
 which corrects for Lp. Scaling and 
absorption corrections were applied using SADABS
25
 multi-scan technique, supplied by 
George Sheldrick.  The structures are solved by the direct method using the SHELXS-97 
program and refined by least squares method on F2, SHELXL-97,
26
 which are 
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incorporated in OLEX2.
27
 The structure was solved in the space group P (# 2).   All non-
hydrogen atoms are refined anisotropically.  Hydrogens were calculated by geometrical 
methods and refined as a riding model.   There was significant disorder in the solvent, 
MeOH, and was modeled to the best of our ability.  The res file is included in the cif file 
to show all parameters used in refinement.  The chloride position was found to reside in 
two positions.  Attempts to model this electron density as MeOH, disordered, failed to be 
able to yield a satisfactory result.  It is therefore at this time (1-31-2013) that I leave it 
modeled as a chorine atom.  All drawings are done at 50% ellipsoids.[Analysis done by 
Dr. R. Staples, MSU] 
4.2.4. Syntheses 
Synthesis and characterization of the ligand, Terpy
OC9
 and precursor [Ru(DMSO)4Cl] 
were discussed in Chapter 4.  
[Ru(Tpy
OC9
)(L
1
)Cl]PF6 (1) was isolated with 0.025g (9%) yield, FTIR (cm
-1
): 2959.04, 
2925.74, 2855.40 (C-H stretch), 1601.99, 1520.21, 1470.24, 1410.84, 1383.09, 1366.13 
(C=C, C=N), 1241 (t-Butyl), 1184.48 (C-O-C)   842.28 cm
-1
 (PF6
-
), ESI MS (m/z): 
883.39 [Ru(MeMPTP)(L
1
)Cl]
+
 , elemental analysis: C50H59ClN4O2RuPF6.3H2O.CH2Cl2 
;  Exp.(Calc.)%: C 52.05 (52.42), H 5.43 (5.78), N 4.81 (4.79) 
[Ru(Tpy
OC9
)(L
2
)Cl] (2) was isolated with 0.020g (9 %) yield, FTIR(cm
-1
) : 2953.04, 
2925.49, 2856.03  (C-H stretch),1602.69, 1519.63  (C=C,C=N stretch) 1184.95, (C-O-C), 
ESI MS (m/z): 808.7 [Ru(tpy
OC9
)(L
2
)Cl]
+
, elemental analysis: 
C44H53ClN3O3Ru.2C6H5-CH3. H2O; Exp.(Calc.)%: C 67.73 (67.72), H 7.54 (7.15), N 
3.75 (4.08) 
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[Ru(Tpy
OC9
)(L
2
)DMSO]Cl (3) was isolated with 0.056g (30%) yield, FTIR (cm
-1
): 
2953.07, 2924.77 (C-H stretch), 1600.86, 1578.91, 1519.22 (C=C, C=N stretch), 
1238.67,(t-Butyl) 1187.80 (C-O-C), ESI MS (m/z): 851.3215 [Ru(tpy
OC9
)(L
2
)DMSO]
+
, 
elemental analysis: C46H59N3O4RuSCl.2H2O; Exp.(Calc.)%: C 59.75 (59.89), H 7.00 
(6.88), N 4.35 (4.55) 
 
5.3. Results and discussion 
5.3.1. Synthesis and characterization 
The amphiphilic nature essential for LB film formation was introduced via 4’-
nonyloxyphenyl substituent on the terpyridine ligand. The 4’-(4-nonyloxyphenyl)-
2,2’:6’2”-terpyridine (TpyOC9) ligand was synthesized by reacting two equivalents of 2-
acetylpyridine with 4’-nonyloxybenzaldehyde in the presence of ammonium hydroxide. 
Then one equivalent of the ligand was reacted with [Ru(DMSO)4Cl2] or RuCl3 to obtain 
the precursors [Ru(Tpy
OC9
)(DMSO)Cl2] or [Ru(Tpy
OC9
)Cl3] respectively. Synthetic route 
for complexes 1-3 are illustrated in Figure 5.1 below. Complex 1 was yielded by reaction 
of one equivalent of the [Ru(DMSO)4Cl2] with one equivalent of 3,5-di-tert-butyl-2-
(phenylamino)catechol (L
1
) in methanol. The purple color residue obtained after reaction 
was further purified via column chromatography. Complex 1 was further analyzed with 
ESI mass analysis which indicated m/z 883.39 corresponding to 1
+
 ion. FITR 
spectroscopic analysis of 1 indicated presence of bands from 2960 - 2850 cm
-1
 ascribed to 
tert-butyl substituents, 1600 - 1400 cm
-1
 for pyridine rings on L
1
, and 842.28 cm
-1
 
corresponding to PF6
-
 counter ion. However, reaction of one equivalent of the 3,5-di-tert-
butylcatechol (L
2
)  with [Ru(DMSO)4Cl2] in methanol under inert conditions resulted a 
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green color solution forming dimethylsulfoxide coordinated complex 3 rather than 
complex 2 with chloride. Complex 3 was isolated upon further purification of the green 
color residue with column chromatography. ESI mass analysis of complex 3 indicated 
molecular ion peak at 851.3215. FTIR spectroscopic analysis of 3 indicated bands 
corresponding to tert-butyl groups at 2960 - 2850 cm
-1
 and 1600 - 1400 cm
-1
 for pyridine 
rings on L
2
. Reaction conditions were altered and one equivalent of [Ru(Tpy
OC9
)Cl3] was 
reacted with one equivalent of L
2
 in dichloromethane under aerobic conditions to obtain 
complex 2 as deep purple-blue precipitate. The presence of complex 2 was confirmed by 
the ESI mass spectral analysis, where m/z peak for the 2
+
 ion was reported at 808.7. FTIR 
spectroscopic analysis for 2 indicated presence bands corresponding to tert-butyl groups, 
pyridine rings. In addition band at 1740 cm
-1
 related to a C=O groups suggests that the 
complex is isolated at quinone state. Redox, electronic spectroscopic analysis, and LB 
film formation properties of 1-3 are discussed later in the chapter. 
 
  
 
 
 
 
 
 
 
 
(a) 
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Figure 5.1. Synthetic route for complex (a) 1 and 3, (b) 2 
 
5.3.2. Structural characterizations  
Molecular structures for complexes 1 and 3 are illustrated in Figure 5.2 and crystal 
structure data are reported in Table 5.1. Solvent molecules and hydrogen atoms are 
omitted for clarity in both structure 1 and 3. Both complexes 1 and 3 indicate pseudo 
octahedral geometry around the ruthenium center with terpyridine ligand occupying the 
meridional plane. In the case of complex 1, two geometrical isomers are possible 
depending on either NR or O is trans to the Cl atom.
8
 The molecular structure of 1 
indicates NR is trans to the Cl atom. However, for complex 3 such isomerism is not 
applicable.  
 N-terpyridine to ruthenium bond lengths show anticipated trend where ruthenium 
to central N-terpyridine bond length is relatively shorter (1.970(2) Å for 1 and 1.959(2) Å 
for 3) than rest of the ruthenium to N-terpyridine bond lengths(2.072(2) Å, 2.066(2) Å for 
1 and 2.075(2) Å, 2.070(2) Å for 3).
8,7
 However, ruthenium to O or NR bond distances 
(2.0351(19) Å (Ru-O8), 1.970(2) Å (Ru-N33) for 1 and 2.068(2) Å (Ru-O1), 2.050(2) Å 
(Ru-O2) for 3) are relatively shorter compared to ruthenium to terpyridine bond lengths. 
(b) 
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According to the literature, this suggest significant orbital mixing between ruthenium d-
orbitals and π*-orbitals of the amino catechol and catechol based ligands.3,4  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2. X-ray crystal structure of 1 and 3 at 50% probability 
 
(a) 
(b) 
(a) 
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Table 5.1. Crystal structure data for 1 and 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 1 3 
Formula C60N4O2ClRuPF6H67 C48.5H69ClN3O6.5RuS  
FW 1157.67 966.65  
Space 
group 
P-1 P-1  
a(Å) 12.8026((6) 11.0100(7)  
b(Å) 15.0623(8) 11.3827(7)  
c(Å) 19.8264(10) 21.1257(13)  
α(deg) 68.182(3) 98.8390(10)  
β(deg) 88.474(3) 96.3450(10)  
γ(deg) 66.262(3) 109.4350(10)  
V(Å
3
) 3214.9(3) 2429.6(3)  
Z 2 2 
Temp (K) 100 173.15  
λ(Å) 0.71073  
ρ(mg m
-3
) 1.156 1.321  
µ(mm
-1
) 0.368 0.471  
R(F) (%) 0.0571 0.0417 
Rw(F) (%) 0.1706 0.0547 
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Table 5.2. Selected bond lengths for 1 and 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Bond length 
(Å) 
1 Bond 
length (Å) 
3 
Ru – N1  1.970(2) Ru – N1  2.075(2) 
Ru – N2  2.072(2) Ru – N2  1.959(2) 
Ru – N3  2.066(2) Ru – N3  2.070(2) 
Ru – O8  2.0351(19) Ru – O1  2.068(2) 
Ru – N33  1.970(2) Ru – O2  2.050(2) 
Ru –Cl 2.3876(7) Ru – S 2.234(8) 
C40 – N33 1.352 C1 – O1 1.306 
C41 - O8 1.281 C2 – O2 1.314 
C40 - C41 1.445 C1 – C2 1.438 
C41 - C42 1.448 C2 – C3 1.424 
C42 – C47 1.361 C3 – C4 1.376 
C47 – C48 1.435 C4 – C5 1.423 
C48 – C53 1.374 C5 – C6 1.376 
C53 – C40 1.407 C6 – C1 1.402 
    
Diameter 
(C31-C13) 
10.244 Diameter 
(C31-C26) 
9.352 
Area (Å)
2
 
(Circular) 
82.45 Area (Å)
2
 
(Circular) 
68.72 
Volume(Å)
3
 2042 Volume(Å)
3
 1661 
Length  
(C46-C10) 
24.768 Length  
(C46-C19) 
24.168 
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Crystal structures often aid in identifying the oxidation state of the complex in 
solid state using C-C and C-E (E=O or NR) bond lengths as diagnostic tools.
3
 Important 
bond lengths and angles for complexes 1 and 3 are illustrated in Figure 5.3. According to 
the literature, C-NR bond distance for quinone/semiquinone/catechol varies as 1.31 
Å/1.35 Å/1.38 Å and C-O bond distance vary as 1.22 Å/1.30 Å/1.34 Å. Also the C-C 
bond distance varies as 1.48 Å/1.43 Å/1.42 Å.
3
 A comparison with these bond lengths 
suggests both L
1
 and L
2
 ligands are in the semiquinone state. However, crystal structure 
data alone may not be sufficient to assign the oxidation state of the complex.
4,8
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3. Bond lengths obtained from single crystal structure analysis. 
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5.3.3. Electron paramagnetic resonance (EPR) data 
In previous studies, complexes with a core similar to 1 are reported as 
1
H-NMR 
active due to anti-ferromagenetical spin couple between low spin Ru
III
 and semquinone 
radical.
8,4
 However, in this study, complexes 1-3 were 
1
H-NMR inactive. Therefore, in 
order to obtain further insight in to the ground state, EPR spectra were recorded for 
complexes 1-3 in dichloromethane at 110 K. Selected EPR spectra are shown in Figure 
5.4. According to preliminary data, all complexes showed EPR signal (g = 1.99 for 1, g = 
2.00 for 2 and g = 2.00 for 3) suggesting presence of radical species. According to the 
literature, one electron reduced product of [Ru(terpy)(L
1
)Cl]
+
 indicated EPR signal at g = 
2.00 suggesting that the reduced species consists of a ligand based radical, hence the 
parent state will consist of Ru
III
SQ species.
8
 This observation along with the ongoing 
DFT calculations agrees with the EPR data obtained for 1 suggesting that the parent state 
will have SQ oxidation state. However, [Ru(Terpy)(Catechol)(OAc)] complexes indicates 
a Ru
III
cat based ground state due to the hyper-fine coupling obtained for low spin d
5
 Ru
III
 
center.
7
 However, EPR data  and ongoing DFT calculations for 2 and 3 are contradicting 
with this observation and suggest that  complex 2 will be in SQ state. Therefore, a 
comparison of simulated EPR spectra with experimental data for 1 – 3 is necessary prior 
assigning the oxidation state.  (EPR spectra were measured by Habib Baydoun, WSU) 
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Figure 5.4. Selected EPR spectra of complexes (a) 2, (b) 3,  
 
5.3.4. Electronic and redox properties 
Fujita and co-workers have conducted extensive analysis on the redox and electronic 
properties of ruthenium complexes with redox non-innocent ligands.
4,3,28
 The frontier 
molecular orbitals: Highest occupied molecular orbital (HOMO), HOMO-1, HOMO-2, 
and LUMO of these complexes are responsible for the observed UV-visible spectral 
bands and redox behavior. According to the literature, HOMO-2 indicates a strong 
overlap of ruthenium t2g (dyz) orbitals with π* of the catechol or amino catechol ligands. 
The LUMO orbital is predominantly π* of redox non-innocent ligand. The monodentate 
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axial ligand based π* orbitals indicate considerable overlap with ruthenium t2g orbitals 
(dxy and dx
2
-y
2
) in order to stabilize HOMO and HOMO-1 orbitals. Electronic spectra of 
these complexes involve transitions from HOMO to LUMO, HOMO-1 to LUMO and 
HOMO-2 to LUMO. The MLCT transition from HOMO-2 to LUMO indicates very 
strong absorption hence observed as the major band in the UV-Visible spectra. Low 
energy transitions correspond to HOMO to LUMO and HOMO-1 to LUMO,  however, 
these transitions are allowed only when the ligand is in the quinone or semiquinone 
state.
3
UV-visible spectra of complexes 1 – 3 in dichloromethane are shown in Figure 5.5. 
below. Complex 1 shows a strong MLCT band possibly from HOMO-2 to LUMO at 578 
nm and ligand centered bands at 314 nm and 285 nm.
4,8
 The complex 2 indicate MLCT 
bands due to transitions from Ru dπ to π* of the ligand showing bands at 880 nm and 553 
nm. However, in the presence of dimethylsulfoxide (DMSO) the MLCT bands lowered to 
742 nm and 467 nm as DMSO is a relatively stronger field ligand than chloride resulting 
in further stabilized HOMO orbitals.
3
 A similar trend was reported when the axial ligand 
was either chloride or acetate.
7
 
 
 
 
 
 
 
 
Figure 5.5. UV-visible spectra of complexes 1-3 in dichloromethane. 
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Redox properties of complexes 1 – 3 in dichloromethane are illustrated in Figure 
5.6. Complex 1 indicates three redox processes at 790 mV, -721 mV, and -1501 mV with 
respect to Fc/Fc
+
 couple as indicated in Table 5.3. Ground state of complexes displaying 
a core similar to 1 indicate predominantly Ru
III
-SQ character.
8,4
 Hence, first oxidation 
could be either metal based Ru(IV)/(III) couple or ligand based Q/SQ. Subsequently, first 
reduction could be attributed as either Ru(III)/(II) or SQ/Cat. An unambiguous 
assignment of redox properties of 1 is difficult due to the significant overlap of ruthenium 
d orbitals with π* orbitals of the ligand and often interpreted controversially by several 
groups.
4,8
 Lahiri and co-workers suggests first oxidation process at 790mV as 
Ru(IV)/(III)  and first reduction as Ru(III)/(II). Their assignment was supported with 
DFT calculations and EPR spectroscopy. The presence of an organic radical in EPR 
spectrum of one electron reduced species suggests the ligand is still in the semiquinone 
form; hence, Ru(III) was reduced to Ru(II).
8
 However, both metal based first oxidation 
and first reduction couples are very unlikely in the presence of an electro active amino 
catechol ligand. Consequently, Fujita and co-workers assigned the first oxidation 
observed for 1 at 790 mV as Ru(III)/(II) couple and the first reduction process at -721 
mV as ligand based Q/SQ couple. Furthermore, the process observed at -1501 mV could 
be due to SQ/cat couple.
4
 Their assignment was supported by DFT calculations and 
spectroelectrochemical studies. As discussed earlier, the most possible ground state 
structure for 1 is Ru
III
-SQ. However, attempts to converge spin coupled open-shell-
singlet Ru
III
-SQ using broken-symmetry DFT failed and yielded closed shell singlet Ru
II
-
Q form.
4,3
 Consequently, the true identity of the redox nature of 1 remains a mystery. 
Therefore, isolation of each oxidized and reduced species with bulk electrolysis coupled 
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with low temperature EPR studies will aid in further understanding of the redox 
properties of 1. 
A similar redox behavior was observed for complex 2 where L
1
 is exchanged to 
3,5-di-tert-butylcatechol (L
2
). The first oxidation couple for 2 at 834 mV indicate 
insignificant shift with respect to similar process at 790 mV while the reduction processes 
at -311 mV and -1176 mV vs. Fc/Fc
+
 couple indicate shift of ~400mV and ~300 mV 
respectively compared to 1. The ground state of complexes similar to 2 were assigned as 
Ru
II
-SQ which agrees with the observed EPR spectra of 2.
7
 Assignment of the first 
oxidation process for 2 at 834mV could be either Ru
III
-SQ/Ru
II
-SQ or Ru
II
-Q/Ru
II
-SQ as 
suggested by Bhattacharya and coworkers 
29
 and Tanaka and coworkers
7
 respectively. 
The reduction processes at -311 mV and -1176 mV could be assigned as Ru
II
-SQ/Ru
II
-
Cat and Ru
II
-terpy/Ru
II
-Terpy
-
 according to the work of Tanaka and coworkers.
7
 
Significant variations in redox properties were observed compared to 2 when the axial 
ligand was replaced by dimethylsulfoxide (DMSO) in complex 3. As mentioned earlier, 
HOMO and HOMO-1 orbitals of these complexes exhibit significant overlap of 
ruthenium d orbitals with π* of the axial ligand orbitals.3 Therefore, the observed shifts in 
redox potentials compared to 2 could be due to the further stabilization of HOMO and 
HOMO-1 orbitals in the presence of DMSO ligand. However, in the absence of 
complexes baring the exact same core to 3, a trend similar to 2 could be anticipated. Then 
the observed redox processes at 157 mV, -827 mV and -2120 mV with reference to 
Fc/Fc
+
 could be assigned as Ru
II
-Q/Ru
II
-SQ, Ru
II
-SQ/Ru
II
-Cat, and Ru
II
-terpy/Ru
II
-Terpy
-
 
respectively.
7
 Furthermore, the irreversible process observed at 750mV could be due to 
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Ru
II
-SQ/Ru
III
-SQ. As mentioned earlier, a more definitive assignment will require bulk 
electrolysis coupled with EPR studies to isolate each oxidized and reduced species.    
Table 5.3. Electronic and redox properties of complexes 1-3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6. Redox properties of complexes 1-3 in dichloromethane.  
Complex λmax (ε) (nm, M
-1
cm
-1
)
 [a]
   E1/2 (ΔE) [mV])
 [b] 
1 578 (23215) ,314 (25336), 285 (30789)  -1501(67), -712 (77), 790 (76) 
2 880 (17268), 553 (4606), 402(sh,6337), 
316(26950), 285(29553)  
-1176(78), -311 (84), 834 (90) 
3 742 (8328), 467 (9317), 330 (sh,27692), 
303(42956), 281(36502)  
-2120(194), -827(170), 
157(138), 758 (irrv.) 
[a] UV-visible spectra recorded in 5 x 10-5M DCM. [b] CVs of 1–3 recorded as 1.0 x 10-3 mol L-1 in DCM 
with 0.1 M TBAPF6 supporting electrolyte using 100 mV s
-1 scan rate at RT in an inert atmosphere, WE = 
glassy carbon, RE = Ag/AgCl, CE = Pt wire. All potentials listed versus Fc/Fc+.  
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5.3.5. Isothermal compression and deposition 
Langmuir-Blodgett film formation properties of complexes 1-3 were evaluated by 
recording the compression isotherm and Brewster angle mircographs (BAM). LB 
compression isotherm was recorded as a plot of surface pressure (Π,mN/m) versus 
average molecular area (Å
2
) at the air/water interface. Surface pressure is increased as 
amphiphilic molecules interact with each other to form a well-organized monolayer. The 
compression isotherm is useful in identifying the critical area for film formation and the 
surface pressure suitable to conduct constant pressure deposition of the complex onto a 
substrate. 
 LB film formation was carried out according to the following procedure. First, 
surface of the water sub phase was cleaned by vacuum suction in order to remove any 
floating impurities. Then the complex 1-3 (1.0 mg/mL, spectra grade chloroform) was 
introduced (30-80 μL) onto the subphase and the system was allowed to equilibrate for 20 
minutes. Compression isotherms were obtained at a rate of 10 mm/min and excellent 
reproducibility was observed for more than three times of independent runs. The surface 
pressure was measured using the Wilhelmy plate (paper plates 20 mm × 10 mm) method. 
Brewster angle micrographs were taken simultaneously with the compression isotherm 
using a KSV-Optrel BAM300 equipped with a HeNe laser (10 mW, 632.8 mm) and a 
CCD detector. The field of view was 800 × 600 μm and the lateral resolution was about 1 
μm. Transfer of complex 1-3 onto an ITO/glass surface was carried out at 15 mN/m 
surface pressure by Y-type deposition method at 5mm/min rate. 
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 LB isotherms recorded for complexes 1-3 are illustrated in Figure 5.7 and BAM images 
recorded during compression is indicated in Figure 5.8 below. Complexes 1 and 2 
indicated higher collapse pressure of 40mN/m and 43mN/m respectively while complex 3 
collapsed at 33mN/m. All complexes indicated constant pressure collapse. The critical 
area calculated for 1 using X-ray crystal structure data (78 Å
2
) shows excellent agreement 
with the experimentally observed critical area (80 Å
2
). However, the experimental critical 
area (25 Å
2
) observed for 3 is considerably less than the theoretical value (82 Å
2
) 
calculated with crystal structure data. This indicates structural deformations which might 
occur during LB film formation. The compression isotherm measured for 2 indicates a 
stable film formation with collapse pressure of 43 mN/m. The absence of newton rings in 
the BAM images recorded for complexes 1-3 suggests formation of well-organized 
monolayer. 
 
 
 
 
 
 
 
Figure 5.7. LB compression isotherm for complexes 1-3 
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Figure 5.8. Brewster angle micrographs for complexes 1-3 
 
Table 5.4. LB film formation properties of complexes 1-3 
 1 2 3 
Area of interaction (Å)
2  140 66 42 
Critical Area (Å)
2  80 46 25 
Collapse (mN/m)  40 43 33 
Diameter (C31-C26) 9.4  10.2 
Theoretical Area of head group (Å)
2 69  82 
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5.3.6. Characterization of LB film 
LB technique allows formation of a well-ordered monolayer at the air/water interface 
which can be transferred onto substrate very efficiently via dipping. The optimum surface 
pressure to conduct dipping process was selected based on BAM images of linear region 
of the isotherm where no defects were observed. Then constant surface pressure Y-type 
dipping method was used to transfer the monolayer/multilayer of the complex onto an 
ITO or glass substrate. In all cases constant surface pressure of 15 mN/m was maintained 
at 23.5
o
C. 
A comparison between IR spectra of each complex in bulk against IRRAS of thin 
film is useful to gain information regarding the structure and orientation of molecules on 
the surface. The IRRAS spectra obtained for complexes 1 and 2 are illustrated in Figure 
5.9 recorded at 30
o
 angle of incident. The spectra were obtained after subtracting the 
spectrum of water vapor. The IRRAS spectra recorded for 25 LB monolayers of complex 
1 shows good agreement with the bulk indicating the presence of asymmetric and 
symmetric –CH2 stretching frequencies related to the long alkane chain at 2926 cm
-1
 and 
2853 cm
-1
 respectively and stretching frequencies corresponding to –CH3 substituents on 
L
1
 ligand at 2960 cm
-1
. The presence of C=C and C=N at 1601 cm
-1
, 1522 cm
-1
, 1468 cm
-
1
, 1410 cm
-1
, 1385 cm
-1
, 1368 cm
-1
, and 1305 cm
-1
 comparable to bulk spectra with ±5 
cm
-1
 suggests aromatic region of the complex 1 is intact after transferring the complex 
onto the substrate.
30
 IRRAS also provide information regarding the orientation of the 
alkane chain with respect to the surface. Stretching frequencies corresponding to –CH2 of 
alkane chain in complex 1 is observed at a higher wavenumber than 2849 cm
-1
. This 
observation suggests alkane chain for 1 is tilted compared to the surface.
31
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IRRAS spectrum of complex 2 indicates the presence of asymmetric and symmetric 
stretching –CH2 frequencies at 2930 cm
-1
 and 2853 cm
-1
 and –CH3 stretching frequency at 2960 
cm
-1
 comparable to the bulk. Also comparable stretching frequencies were observed for aromatic 
to the bulk as indicated in Table 5.5. In addition, the presence of C=O stretching frequency at 
1748 cm
-1
 for the LB film of 2 similar to that at 1740 cm
-1
 in bulk suggests presence of a 
carbonyl group.
30
 Therefore, oxidation state of the L
2
 ligand can be assigned as either 
semiquinone or quinone.
30
 Furthermore, -CH2 stretching frequency at 2853 cm
-1
 observed for 2 
suggests tilted alkane chains with respect to the surface. However, IRRAS for complex 3 was 
unable to be recorded due to the structure deformities.  
 
Table 5.5. Infrared spectral data for complexes 1 and 2 in bulk and thin films 
 
 
 
 
 
 
 
 
 
 
 
 
Assignment Bulk 
(1)/cm
-1
 
LB film 
(1)/cm
-1
 
Bulk 
(2)/cm
-1
 
LB film 
(2)/cm
-1
 
-CH3, -CH2 2958 2960 2950 2960 
-CH3, -CH2 2923 2926 2925 2930 
-CH3, -CH2 2854 2853 2855 2853 
C=O   1740 1748 
pyridine 1603 1601 1602 1600 
pyridine 1519 1522 1518 1521 
pyridine 1468 1468 1464 1469 
pyridine 1410 1410 1408 1417 
pyridine 1364 1368 1357 1362 
150 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9. IRRAS Spectra recorded for (a) complex 1 (b) complex 2 
(a) 
(b) 
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UV-visible spectra and redox properties of complexes 1-3 were compared with 
the bulk to understand changes associated with oxidation/reduction of complexes. UV-
visible spectra recorded for complex 1 on glass surface is in excellent agreement to the 
bulk as shown in Figure 5.10a. A good correlation was obtained for MLCT band at 578 
nm corresponding to ruthenium to L
1
 ligand for complex 1 on glass surface compared to 
bulk suggesting the original oxidation state is intact after LB process. The absence of 
either red or blue shift in MLCT band suggests compact film formation without 
aggregation.
32
 However, in the case of complex 2, UV-visible spectra of the LB film on 
glass surface indicates significant dissimilarities compared to that in bulk as indicated in 
Figure 5.10b. The intensity of the MLCT band at 880 nm for complex 2 in solution is 
lowered and two new bands appear at 848 nm and 969 nm for LB film of 2. Also the 
band at 553 nm of 2 in solution was significantly blue shifted to 525 nm in the case of 
complex 2 on surface. This suggests possible oxidation of complex 2 or mixture of 
complexes with different ground oxidation states.
3
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Figure 5.10. Comparison of UV-visible spectra for (a) complex 1 (b) complex 2 on glass 
surface and in dichloromethane solution 
 
Redox properties of complexes 1-3 are of greatest importance in order to use 
these complexes as potential water oxidation catalysts or in molecular electronics 
applications. Therefore, redox properties of complexes 1-3 on an ITO surface were 
evaluated in 0.1 M KNO3 solution. Redox properties of a monolayer of complex 1 on 
ITO surface is illustrated in Figure 5.11a. A monolayer of 1 on ITO indicated presence 
of an irreversible redox wave at 1250 mV with respect to Ag/AgCl reference electrode 
which disappeared with time giving rise to a new reversible process at 826mV. A 
comparison of redox properties of 1 on ITO and in solution is shown in Figure 5.11.b. 
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Figure 5.11. Redox properties of complex 1 on ITO electrode. (a) redox 
properties of monolayer with time, (b) redox properties of monolayer with respect to bulk 
 
Redox properties of 13 LB monolayers of complex 1 on ITO indicated a similar 
trend (Figure 5.12). In addition to the reversible process appearing at 826 mV, another 
irreversible process appeared at 150 mV with respect to Ag/AgCl which could be 
associated with the amino catechol ligand.
4
 
 
 
 
 
 
 
 
 
 
Figure 5.12. Redox properties of 13 monolayers of complex 1 on ITO electrode.  
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Redox properties of complex 2 and 3 on ITO electrode surface are shown in 
Figure 5.13 below. Unlike complex 1, both complex 2 and 3 indicated multiple redox 
processes which suggest the presence of multiple components. Complex 2 indicted 
prominent quasi-reversible processes at E1/2 -94 mV (ΔE=239 mV) and irreversible 
anodic peak at 369 mV for 15 LB monolayers. A similar trend was observed for 1, 5, and 
11 LB monolayers on ITO surface. The presence of multiple redox processes further 
agrees with the observed UV-visible spectrum of the LB film of 2 suggesting presence of 
multiple components. Complex 3 indicates a redox behavior similar to complex 2. LB 
films transferred onto an ITO electrode suggest presence of multiple components even 
though complexes 2 and 3 are capable of forming thin films at the air/water interface.   
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Figure 5.13. Redox properties of (a) complex 2 on ITO surface and in bulk (b) redox 
properties of multilayers of complex 2 on ITO (c) redox properties of complex 3 on ITO 
surface (d) redox properties of multi layers of complex 3 on ITO 
 
5.4. Conclusions  
This research presents the pioneering work on characterization of thin films of 
ruthenium/terpyridine complexes with redox non-innocent ligands. Surface deposition of 
these complexes was conducted by incorporating amphiphilic properties to the redox core 
in order to use LB technique for film formation. Even though, none of these complexes 
indicated water-oxidation properties in the presence of a sacrificial oxidant like Ce
IV
,  this 
study highlights excellent redox properties centered on the metal as well as on redox 
active amino catechol and catechol ligands. The ligand architecture and the axial ligand 
coordinated to the ruthenium center played a significant role in regulating redox 
processes and electronic spectral properties. The variation of ligand structure from amino 
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catechol to catechol revealed relatively oxidative potentials (more positive) for ligand 
based processes while the Ru(III)/Ru(II) couple showed no change. In contrast, change of 
axial ligand from chloride in complex 2 to DMSO in complex 3 indicated severe changes 
in both Ru(III)/Ru(II) potential and ligand centered processes highlighting the strong 
overlap between ligand π* orbitals and ruthenium 4d metal orbitals.  
Molecular structure for complex 1 and 3 were characterized with single crystal 
structure analysis. The bond lengths and angles for 1 and 3 suggest semiquinone 
oxidation state for the ligand. Furthermore, preliminary EPR data for the ground state of 
complex 1 – 3 agree with the crystallographic data and indicate presence of paramagnetic 
species. However, further EPR studies coupled with simulation is necessary in order to 
confirm the ground state oxidation state.   
Complexes 1 and 2 behaved as good amphiphiles at the air/water interface with 
collapse pressures above 40 mN/m and LB monolayer of complex 3 is stable above 
30mN/m. Characterization of LB films with IRRAS, UV-visible spectroscopy and cyclic 
voltammetry revealed that complex 1 can be successfully transferred onto a surface, 
while both complexes 2 and 3 indicate presence of multi components or structure decay.  
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CHAPTER 6 
Conclusions and Prospective 
Research in our lab is focused on developing catalysts for water-oxidation. In this regard 
we have proposed an idealized integrated system consisting of a light harvesting unit, an 
electron acceptor moiety, and a catalytic center to carry out water-oxidation. Research 
projects presented in this dissertation are focused on developing potential candidates for 
the light-harvesting unit as well as the catalytic moiety. Consequently, 
ruthenium/terpyridine complexes were synthesized with different capping ligands and 
their catalytic and emission properties were analyzed. The complexes were characterized 
with ESI-mass analysis, elemental analysis, IR spectroscopy, and X-ray crystallography, 
whenever possible. Then the electronic properties of these complexes were characterized 
with UV-visible spectroscopy and cyclic voltammetry. The ultimate goal of this project is 
to deposit these complexes onto a surface. In this regard, the Langmuir-Blodgett 
technique was used to prepare thin films of a given complex with thicknesses from 
monolayer to multilayer. In addition to the possibility of fabricating ultra-thin films of 
single molecule thickness, the LB technique allows for better control over the 
intermolecular distance and formation of well-organized molecular arrays. The LB 
monolayer prepared at the air/water interface can be transferred onto a substrate via an 
appropriate dipping method.  
 1,10-Phenanthroline is selected as the capping ligand for ruthenium/terpyridine 
complexes because it allows building of multimetallic topologies similar to those shown 
in Figure 1.6.
1
 It is important to study how modifications in electronic environment 
around the ruthenium center would affect catalytic properties of ruthenium/terpyridine 
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complexes with chlorido as the axial ligand, prior advancing to the understanding of 
mechanisms by which water is oxidized by multi-metallic species. Therefore, the study 
on effect of electron-donating/withdrawing substituents on catalytic properties of the 
above-mentioned complexes is presented in Chapter  3. The use of LB isothermal 
compression to develop organized monolayer of water-oxidation catalyst is discussed in 
Chapter  4. Amphiphilic nature essential for LB monolayer formation at the air/water 
interface was incorporated in to the core of the best catalyst identified in the Chapter  3 
via  4’-nonyloxyphenyl substituent on terpyridine ligand. The catalytic properties were 
then studied both in solution, as well as of a thin film on an electrode surface. In Chapter  
5, the possibility of utilizing redox non innocent ligands as the capping ligands for 
ruthenium/terpyridine complexes was explored. A detailed outcome of each project 
mentioned above is presented in the following sections.  
 Chapter  3 discusses the effect of substituents on water-oxidation properties of a 
series of [Ru
II
(terpy-R)(phen-X)Cl]PF6 complexes, where terpy-R is the tridentate 4’-(4-
methylmercaptophenyl)-2,2’:6’2”-terpyridine ligand (MeMPTP) and phen-X is a 
substituted phenanthroline with H (1), 5-nitro (2), 5,6-dimethyl (3), and 3,4,7,8-
tetramethyl (4). These species were thoroughly characterized by spectroscopic and 
spectrometric methods and the structures of 1, 3, and 4 were determined by single-crystal 
X-ray diffraction. The “procatalysts” 1-4 show opposite trends when compared to similar 
terpyridine/bipyridine species; the unsubstituted “procatalysts” 1 yields a turnover 
number of 410 followed by 250 and 150 for complexes 3 and 4 with electron-donating 
substituents. Species 2, with electron-withdrawing properties yields the lowest turnover 
number of 60.  Although, the turnover numbers decrease upon substitution, the presence 
162 
 
of electron-donating methyl substituents enhances the rate of dioxygen evolution during 
early stage of catalysis. Interestingly, no evidence of conversion from chlorido-containing 
procatalysts into the expected aqua-containing catalysts was observed for 1-4 by 
1
H-
NMR or UV-visible spectroscopy during the induction period. This observation, along 
with reactivity towards (NH4)2[Ce
IV
(NO3)6]  suggests that the chlorido ligand retain in the 
coordination sphere of ruthenium even at high valent oxidation states of the metal. 
Reactivity follows a similar trend to the observed rate of dioxygen evolution in all 
complexes. Furthermore, the ESI-MS and 
1
H-NMR analyses of 1, as recovered after 
catalysis, indicate presence of a chlorido ligand. This research highlights the differences 
between bipyridine and phenanthroline capping ligands in water-oxidation properties of 
ruthenium/terpyridine complexes and the need of careful insertion of substituents to 
obtain best catalytic properties. This project proposes that the chlorido ligand may be 
retained during the catalytic cycle; hence, catalysis may follow a mechanism different 
than that proposed for the similar complexes with an aqua ligand. Therefore, future 
studies will focus on unraveling a mechanism of water-oxidation by the procatalysts 
presented in this research.  
Currently available techniques for surface deposition of water-oxidation catalysts 
are limited to a self-assembled monolayer of the complex on an ITO electrode with 
minimum control over the surface coverage. In contrast, the Langmuir-Blodgett 
technique allows for the development of a well-ordered monolayer at the air/water 
interface. Furthermore, the intermolecular distance can be controlled fairly easily by 
conducting the dipping process at different surface pressures. Most importantly, the LB 
constant pressure dipping techniques allow deposition of multilayers of the catalyst film. 
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Therefore, Chapter  4 presented synthesis and characterization of amphiphilic water-
oxidation “procatalyst”, [RuII(TpyOC9)(Phen)Cl]PF6 where Tpy
OC9
 is 4’-(4-
nonyloxyphenyl)-2,2’:6’2”-terpyridine and Phen is 1,10-phenanthroline which shows 
stable LB film formation. UV-visible spectra, IRRAS, and CV response for bulk and LB 
films deposited onto ITO electrode indicate that the complex can be successfully 
transferred onto a substrate without structure degradation. The complex in solution 
undergoes 86 catalytic cycles and heterogeneous water-oxidation takes place at 1.5 V vs. 
Ag/AgCl with 0.36 V over potential with respect to the standard H2O/O2 potential. 
Furthermore, the catalytic peak corresponding to the water-oxidation is increased linearly 
with respect to the number of layers on electrode surface. This observation suggests that 
the water-oxidation is not limited to the outer most layer of the film. In conclusion, we 
have introduced surfactant properties to the water-oxidation core which allows formation 
of uniform films with high surface coverage. This is a very important step toward 
heterogeneous water-oxidation. The LB technique also allows building up of monolayers 
with two or more different surfactants.
2
 Therefore, future perspectives of this project 
focus on the building of multi-component LB films consisting of an amphiphilic 
photosensitizer, an electron acceptor, and a water-oxidation catalyst. In this regard, the 
following complexes, [Ru(Tpy
Ph
)(Tp
OC9
)](PF6)2 and [Co(Tpy
Ph
)(Tp
OC9
)](PF6)2 were 
synthesized as photosensitizer and electron acceptor respectively. The redox and 
electronic properties of above mentioned complexes are discussed in the Appendix. 
In Chapter  5, the possibility of use of ruthenium/terpyridine complexes with 
redox-active ligands as potential water-oxidation catalysts was discussed. Such 
complexes present multiple redox processes centered on both metal and ligand. 
164 
 
Therefore, these complexes find interest in the field of molecular electronics as well. 
However, limited examples are available for studies on surface-deposited complexes.
3
 
Chapter  5 present pioneering work on the development of amphiphilic modules with 
ruthenium/terpyridine complexes with redox non-innocent ligands. In this regard, a series 
of redox active ruthenium/terpyridine complexes, [RuTpy
OC9
L
2
Cl]PF6 (1), 
[RuTpy
OC91
L
3
Cl] (2), and [RuTpy
OC9
L
3
DMSO]Cl (3) where, Tpy
OC9
 is 4’-(4-
nonyloxyphenyl)-2,2’:6’2”-terpyridine, L2 is 3,5-di-tert-butyl-2-(phenylamino)catechol, 
and L
3
 is 3,5-di-tert-butylcatechol were synthesized and characterized with ESI-mass 
spectrometry, elemental analysis and FITR spectroscopy. The complexes 1-3 were 
1
H-
NMR inactive, suggesting Ru
III
 oxidation state. Excellent redox activity with well 
separated processes for Ru(II)/Ru(III), quinone(Q)/semiquinone(SQ), and 
semiquinone(SQ)/catechol(Cat) couples  was observed for all complexes. The observed 
redox and electronic properties are highly dependent on the ligand, as well as the type of 
axial ligand coordinated to ruthenium. The change in ligand architecture from catechol to 
amino-catechol resulted in a ~500mV more negative process for the ligand-centered 
couple of complex 1 than complex 2. In complexes 2 and 3, a MLCT band corresponding 
to ruthenium to SQ charge transfer indicated ~150nm blue shift when the axial ligand is 
changed from chlorido to dimethylsulfoxide. In addition, all complexes showed good 
Langmuir-Blodgett film formation properties with collapse pressures above 35 mN/m. 
LB films of complexes 1 and 2 were further characterized with IRRAS, UV-visible 
spectroscopies and cyclic voltammetry. Unfortunately, none of these complexes showed 
catalysis towards water-oxidation in the presence of Ce
IV
. Nonetheless, these complexes 
can also be considered as potential candidates for rectification devices due to the fast 
165 
 
charge separation. In a photo-catalytic water-oxidation device, a monolayer of such 
molecular rectifiers can be used to facilitate electron flow in one direction; hence, it can 
prevent charge recombination.
4
 Such work is currently under investigation in our lab. 
In summary, we have successfully synthesized and characterized redox responsive 
thin films bearing Ru/terpyridine with a variety of capping ligands. This dissertation 
highlights that water-oxidation properties of ruthenium/terpyridine complexes can be 
optimized depending on the position and the nature of the substituent on the 
phenanthroline capping ligand. It also has presented LB technique as a new route of 
deposition of water-oxidation catalysts with amphiphilic properties onto an electrode 
surface. Finally, pioneering work on characterization of surface deposited 
ruthenium/terpyridine complexes with redox non-innocent ligands was presented.  
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APPENDIX -I 
The following compounds were synthesized according to procedures similar to Chapter 3 
and characterized. 
 
 
 
 
 
 
Figure A.1. Structure of complexes 1 and 2 
[Ru(MeMPTP)(5-NH2,6-NO2-Phenanthrline)Cl]PF6 (1) was isolated with 47% yield, 
FTIR: 1594.73, 1524.23, 1475.16, (pyridine rings), 1390.36 (-NO2),  1257. 06 (-NH2), 
846.21 (PF6
-
), ESI MS (m/z): 732.0485 for M+, 
Elemental:C34H25ClN7O2RuSPF6.CH3OH Exp.(Calc.)%: C 46.55(46.24), H 
2.85(3.21), N 10.66(10.78), 
1
HNMR (CH3CN): δ 10.59(br.s, 1H), 9.01(d, J=4.9, 1H), 
8.72(d, J=4.9, 2H), 8.6(d, J=6.5, 1H), 8.46(d, J=6.5, 2H), 8.32(br.s., 1H), 8.03(d, J=5.7, 
2H), 7.81(d, J=5.7, 2H), 7.54(br.s, 2H), 7.47(m, 2H), 7.4 (br.s. 1H), 7.14(d, J=4.9, 3H), 
2.59 (d, J=4.9, 2H) 
[Ru(MeMPTP)(5-NH2-Phenanthroline)Cl]PF6 (2) was isolated with 17% yield, FTIR: 
1592.57, 1510.32, 1474.74  (pyridine rings), 1257.06 (-NH2), 837.78 (PF6
 - 
), ESI MS 
Complex 1 Complex 2 
168 
 
(m/z): 687.0645, 
1
HNMR (DMSO): δ 10.29(d, J=4.1, 1H), 9.81(d, J=3.2, 2H), 8.91(d, 
J=8.1, 2H), 8.30(d, J=8.9,2H), 7.96(t, J=7.7 x (2), 2H), 7.90(d, J=8.1, 1H), 7.56(d, 
J=8.9,2H), 7.49(d, J=4.1, 2H), 7.24(m, 3H), 7.12(m, 1H), 6.93(m, 3H), 2.62 (s, 3H) 
 
 
 
 
 
 
Figure A.2. UV-visible spectra of 1 and 2 in 5 x 10
-5
M, ACN. 
 
 
 
 
 
 
 
Figure A.3. Redox properties of 1 and 2 in DCM. 
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The following ruthenium/terpyridine complexes with redox non-innocent ligands were 
synthesized and characterized.  
 
 
 
 
 
 
Figure A.4. Structure of complexes 3 and 4. 
L
1
 is 3,5-di-tert-butyl-2-(phenylamino)catechol, and L2
3
 is 3,5-di-tert-butylcatechol in 
complexes 3 and 4 respectively. 
[Ru(MeMPTP)(Amino-Catechol)Cl]PF6 (3) was isolated with 12% yield, FTIR data: 
2963.27 cm
-1
 (C-H stretch of tert-butyl substituent), 845.96 cm
-1
 (PF6
-
), ESI MS (m/z): 
787.1795 for M
+
, Elemental: Exp.(Calc.)%: C 49.93 (50.31), H 5.12 (4.70), N 5.01 
(5.33). 
[Ru(MeMPTP)(L
2)
Cl]PF6 (4) was isolated with (19%) yield, FTIR: 2860.27  cm
-1
 (C-H 
stretch of tert-butyl substituent), ESI MS (m/z): 712.1354 for M
+
, Elemental: 
C38H33ClN5RuSPF6; Exp.(Calc.)%: C 61.69 (60.70), H 5.51 (5.24), N 5.57 (5.90) 
 
Complex 3 Complex 4 
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Electronic and redox properties of complexes 3 and 4. 
UV-visible spectra of complexes 3 and 4 are illustrated in Figure 3. The process 
observed for ~576nm is due to the MLCT from ruthenium to catechol or amino-catechol 
respectively.
1 
The lower energy band at 878 nm in complex 4 is due to the MLCT from 
ruthenium to semiquinone. 
2 
 
 
 
 
 
 
Figure A.5. UV-visible spectra of 3 and 4 
As illustrated in Figure 4 and Table 1, process 1 and 2 in complexes 3 and 4 are 
ligand based processes where, the process 1 is due to the equilibrium between 
semiquinone(SQ)/quinone(Q) couple and the process 2 is based on 
catechol(Cat)/semiquinone(SQ) couple. The presence of amino group in complex 3 has 
shifted SQ/Q and Cat/SQ processes to about 400mV higher potential.
2 
The first oxidation 
process observed in both complexes is based on the Ru(II)/(III) couple. The Ru(II)/(III) 
potential observed for 4 are relatively higher indicating higher stability of the complex. 
The trend is comparable with similar complexes with bipyridine in place of terpyridine.
1-
300 400 500 600 700 800 900 1000 1100
0
10000
20000
30000
40000
 
(M
-1
 c
m
-1
)
Wavelength (nm)
 (3) [Ru(MeMPTP)(L
1
)Cl]PF
6
 (4) [Ru(MeMPTP)(L
2
)Cl]
171 
 
2
The oxidation of methylthio group is observed as an irreversible process around 
1700mV. 
 
 
 
 
 
 
 
 
Figure A.6. Redox properties of 3 and 4 in DCM 
The following complexes were synthesized as precursors for LB film formation. 
Complex 5 was synthesized as a potential photosensitizer and complexes 6 and 7 were 
synthesized as electron acceptors. 
  
Complex 5 Complex 6 Complex 7 
Figure A.7. Structure of complexes 5 - 7 
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[Ru(Tpy
OC9
)(Tpy
Ph
)]PF6 (5) was isolated with 40% yield, FTIR: (KBr) cm
-1
: 
2925.25(C-H long chain), 2853.26(C-H long chain), 1603.96, 1519.86, 1466.02, 1434.76, 
1408.32 (pyridine rings), 841.06 (PF6
-
), ESI MS (m/z): 431.10 for M
2+
, 
Elemental:C51H48N6ORuP2F12.CH2Cl2.H2O Exp.(Calc.)%: C 48.94(49.77), H 
3.97(4.18), N 6.57(6.70), 
1
HNMR (d6-DMSO): δ 0.87 (br. s., 4 H), 1.28 (br. s., 10 H), 
1.49 (br. s., 2H), 1.79 (br. s., 2H), 4.15 (d, J = 4.86 Hz, 1 H), 7.27 (d, J = 6.49 Hz, 3 H), 
7.52 (br. s., 2 H), 7.61 - 7.71 (m, 1 H), 7.77 (br. s., 1 H), 8.06 (br. s., 2 H), 8.42 (br. s., 2 
H), 9.10 (br. s., 2 H), 9.46 (d, J = 17.83 Hz, 2 H) 
 
[Co(Tpy
OC9
)(Tpy
Ph
)]PF6 (6) was isolated with 73% yield, FTIR: (KBr) cm
-1
: 
2926.71(C-H long chain), 2855.01(C-H long chain), 1602.70, 1573.57, 1547.31, 1520.12, 
1473.18, 1435.57, 1416.86 (pyridine rings), 840.43 (PF6
-
), ESI MS (m/z): 409.6611 for 
M
2+
, Elemental:C51H48N6OCoP2F12. Exp.(Calc.)%: C 55.15(55.19), H 4.34(4.36), N 
7.49(7.57) 
 
[Co(Tpy
OC9
)2]PF6 (7) was isolated with 0.427g (84 %), FTIR: (KBr) cm
-1
: 3079(C-
CH3), 2924 -2853 (C-CH3), 1601 (C=N), 1520-1578 (pyridines), 1470 (phenyl), 1435 
(CH2-(VS); CH3), 1279-1306 (-N=N(O)-S), 1187 (-C-N-(S)), 621((CH2)n
-
), 1067(ClO4
-
) 
ESI m/z: 480.7286 for M
2+
, Elemental % (Calc.) C60H66Cl2CoN6O10.2H2O : C 59.99 
(60.20), H 5.47 (5.89), N 6.88 (7.02)  (Synthesis carried out by Mumta Kadir.) 
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Electronic and redox properties of 5-7 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.8. Redox properties of 5 -7 in ACN 
 
1500 1000 500 0 -500 -1000 -1500 -2000
Potential (mV) vs. Fc/Fc
+
 [Ru(Tpy
OC9
)(Tpy
Ph
)](PF
6
)
2
0 -500 -1000 -1500 -2000 -2500
Potential (mV) vs. Fc/Fc
+
 [Co
II
(Tpy
PhOC9
)(Tpy
Ph
)](PF
6
)
2
0 -500 -1000 -1500 -2000 -2500
Potential (mV) vs. Fc/Fc
+
 (7) [Co(Tpy
OC9
)
2
](ClO
4
)
2
174 
 
 
 
 
 
 
 
 
 
 
 
Figure A.9. UV-visible spectra of 5 - 7 in ACN 
 
 
 
 
 
 
 
 
 
 
 
Figure A.10. Emission data for 5 and 6 in ACN 
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Table A.1. Electronic, redox and water oxidation properties of 1 -7 
 
 
 
Complex Absorption 
λabs (nm) / ε (Lmol
-1 
cm
-1
)
a
 
Reductions
[b]
 
E1/2 (ΔEp [mV],  
Ru(II)/(III) 
Oxidations
[c]
 E1/2 
(ΔEp) [mV],  
TON 
1 510 (16257) (MLCT), 406 
(sh,11978), 315 (43903) 
(ππ*) 
-1376 (irrv.)  456 (96, 0.80 ) 22 
2 518 (17579) (MLCT), 420 
(sh, 11312), 319 (45858) 
(ππ*) 
-1950 (irrv.)  390 (80,0.6)  13 
 
3 
579 (30073), 360 (19780), 
314 (30268), 287 (40250)  
-1559 (137), -
708 (133) 
833(138), 1181(irrv.) 
no 
4 
878 (17502), 576 (6000), 
411 (sh.), 318 (27510), 
286 (28316) 
-1169(86), -
274(93) 
869(79), 1172(irrv.) 
no 
5 
491(22018), 308(52139), 
282 (47507) 
-1667, -1920 815 
 
6 
517(2828,sh), 
444(3331,sh), 320(40393), 
283(51480) 
-144, -1165, -
1996, -2343 
 
 
7 
518(4146,sh), 
445(5482,sh), 326(56946), 
283(58264) 
-201(68),         
-1203(72),            
-2035(73) 
 
 
 
[a]
 CVs of 1 – 6 at 1.0 x 10-3 mol L-1 in DCM with 0.1 M TBAPF6 supporting electrolyte using 200 mV s
-1
 
scan rate at RT in an inert atmosphere.  
[b]
 Potentials listed as the cathodic peak potential Epc versus Fc
+
/Fc.  
[c] 
Potentials listed as the anodic peak potential Epa versus Fc
+
/Fc. ox = oxidation only 
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APPENDIX II 
Chapter 3: X-ray crystal structure data for Complex 3 
X-ray crystal structure was solved by Dr. Mary Jane Heeg in Wayne State University, Department of Chemistry 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. X-ray crystal structure of complex 3 (chapter 3) 
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Table 1.  Crystal data and structure refinement for Complex 3 in Chapter 3  
   
   
      Identification code               yann  
   
      Empirical formula                 C42 H38 Cl F6 N8 P Ru S  
   
      Formula weight                    968.35  
   
      Temperature                       100(2) K  
   
      Wavelength                        0.71073 A  
   
      Crystal system, space group       Triclinic,  P-1  
   
      Unit cell dimensions              a = 8.8581(7) A   alpha = 103.240(4) deg.  
                                        b = 15.4618(11) A    beta = 105.443(4) deg.  
                                        c = 16.0397(12) A   gamma = 91.864(4) deg.  
   
      Volume                            2051.0(3) A^3  
   
      Z, Calculated density             2,  1.568 Mg/m^3  
   
      Absorption coefficient            0.608 mm^-1  
   
      F(000)                            984  
   
      Crystal size                      0.26 x 0.18 x 0.05 mm  
   
      Theta range for data collection   1.36 to 28.30 deg.  
   
      Limiting indices                  -11<=h<=11, -20<=k<=20, 0<=l<=21  
   
      Reflections collected / unique    33546 / 9818 [R(int) = 0.1045]  
   
      Completeness to theta = 28.30     96.2 %  
   
      Absorption correction             Semi-empirical from equivalents  
   
      Max. and min. transmission        0.9702 and 0.8580  
   
      Refinement method                 Full-matrix least-squares on F^2  
   
      Data / restraints / parameters    9818 / 6 / 547  
   
      Goodness-of-fit on F^2            1.556  
   
      Final R indices [I>2sigma(I)]     R1 = 0.1227, wR2 = 0.2887  
   
      R indices (all data)              R1 = 0.1855, wR2 = 0.3127  
   
      Largest diff. peak and hole       2.346 and -0.991 e.A^-3  
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          Table 2.  Atomic coordinates ( x 10^4) and equivalent isotropic  
         displacement parameters (A^2 x 10^3) for YANN.  
         U(eq) is defined as one third of the trace of the orthogonalized  
         Uij tensor.  
           ________________________________________________________________  
   
                         x             y             z           U(eq)  
         ________________________________________________________________  
   
          Ru(1)        1439(1)        977(1)       3249(1)       33(1)  
          Cl(1)        1119(3)       1200(2)       4728(2)       38(1)  
          N(1)         3871(8)       1060(5)       3800(5)       34(2)  
          C(1)         4707(12)       399(6)       3987(7)       39(2)  
          C(2)         6340(12)       546(6)       4372(7)       41(2)  
          C(3)         7073(11)      1402(6)       4555(7)       41(2)  
          C(4)         6209(11)      2081(6)       4377(7)       39(2)  
          C(5)         4592(11)      1911(6)       4012(7)       37(2)  
          C(6)         3540(10)      2594(6)       3775(6)       33(2)  
          C(7)         3974(11)      3476(5)       3860(6)       33(2)  
          C(8)         2829(11)      4036(6)       3567(7)       36(2)  
          C(9)         1264(12)      3653(6)       3222(6)       37(2)  
          C(10)         848(12)      2775(6)       3179(6)       36(2)  
          N(2)         2013(9)       2254(5)       3439(5)       34(2)  
          C(11)        -733(11)      2266(6)       2826(6)       36(2)  
          C(12)       -2083(11)      2662(6)       2566(6)       37(2)  
          C(13)       -3510(11)      2136(6)       2227(6)       38(2)  
          C(14)       -3545(11)      1231(6)       2156(6)       37(2)  
          C(15)       -2124(11)       878(6)       2451(6)       34(2)  
          N(3)         -748(9)       1387(5)       2784(5)       37(2)  
          C(16)        3264(11)      4953(6)       3543(7)       40(2)  
          C(17)        4730(12)      5233(6)       3493(7)       45(2)  
          C(18)        5026(12)      6103(6)       3418(7)       43(2)  
          C(19)        3909(12)      6689(6)       3381(6)       39(2)  
          C(20)        2451(12)      6422(6)       3456(6)       39(2)  
          C(21)        2137(12)      5573(6)       3542(7)       39(2)  
          S(1)         4140(3)       7766(2)       3205(2)       53(1)  
          C(22)        6113(13)      7864(6)       3109(7)       46(2)  
          N(4)         1710(9)        645(5)       1988(5)       32(2)  
          C(23)        2128(12)      1187(6)       1536(8)       44(2)  
          C(24)        2317(12)       877(7)        698(8)       48(3)  
          C(25)        2131(11)       -26(6)        298(7)       40(2)  
          C(26)        1670(11)      -635(6)        762(6)       37(2)  
          C(27)        1466(10)      -266(6)       1583(6)       33(2)  
          C(28)         960(11)      -821(5)       2086(7)       37(2)  
          C(29)         644(10)     -1742(6)       1720(6)       36(2)  
          C(30)          45(11)     -2232(6)       2216(6)       35(2)  
          C(31)        -136(12)     -1807(7)       3019(7)       44(2)  
          C(32)         292(11)      -889(6)       3365(7)       38(2)  
          N(5)          804(9)       -387(5)       2905(5)       36(2)  
          C(33)        1404(11)     -1599(6)        398(7)       37(2)  
          C(34)         901(12)     -2126(6)        866(7)       39(2)  
          C(35)        1706(14)     -1945(7)       -485(7)       48(3)  
          C(36)         680(14)     -3144(6)        560(8)       51(3)  
          N(6)         6994(12)      6818(7)       8680(7)       64(3)  
          C(37)        7198(13)      6099(7)       8725(7)       47(2)  
          C(38)        7515(14)      5232(7)       8815(8)       53(3)  
          N(7)         3864(16)      1079(8)       8856(8)       88(4)  
          C(39)        4196(14)      1822(9)       9105(8)       56(3)  
          C(40)        4667(18)      2763(8)       9440(10)      81(4)  
          N(8)        -1743(13)      4142(7)       4415(8)       68(3)  
          C(41)        -545(16)      3938(8)       4810(9)       61(3)  
          C(42)         962(14)      3700(7)       5331(8)       54(3)  
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          P(1)         2394(3)       4927(2)       8378(2)       45(1)  
          F(1)         3805(10)      4339(5)       8441(6)       96(3)  
          F(2)         3281(13)      5611(7)       9248(7)      146(4)  
          F(3)         3018(17)      5388(7)       7776(9)      170(7)  
          F(4)         1714(13)      4407(5)       8941(7)      117(4)  
          F(5)         1024(12)      5534(7)       8349(6)      120(4)  
          F(6)         1600(13)      4160(8)       7535(6)      148(5)  
         ________________________________________________________________  
   
           Table 3.  Bond lengths [A] and angles [deg] for YANN.  
           _____________________________________________________________  
   
            Ru(1)-N(2)                    1.955(7)   
            Ru(1)-N(4)                    2.051(7)  
            Ru(1)-N(3)                    2.058(8)  
            Ru(1)-N(5)                    2.072(7)  
            Ru(1)-N(1)                    2.087(7)  
            Ru(1)-Cl(1)                   2.410(2)  
            N(1)-C(1)                     1.324(11)  
            N(1)-C(5)                     1.371(11)  
            C(1)-C(2)                     1.401(14)  
            C(2)-C(3)                     1.386(13)  
            C(3)-C(4)                     1.358(13)  
            C(4)-C(5)                     1.387(13)  
            C(5)-C(6)                     1.478(13)  
            C(6)-N(2)                     1.353(11)  
            C(6)-C(7)                     1.371(11)  
            C(7)-C(8)                     1.410(13)  
            C(8)-C(9)                     1.402(13)  
            C(8)-C(16)                    1.469(12)  
            C(9)-C(10)                    1.375(12)  
            C(10)-N(2)                    1.367(12)  
            C(10)-C(11)                   1.484(13)  
            C(11)-N(3)                    1.345(11)  
            C(11)-C(12)                   1.371(13)  
            C(12)-C(13)                   1.386(13)  
            C(13)-C(14)                   1.376(12)  
            C(14)-C(15)                   1.398(13)  
            C(15)-N(3)                    1.338(11)  
            C(16)-C(17)                   1.384(13)  
            C(16)-C(21)                   1.406(13)  
            C(17)-C(18)                   1.400(13)  
            C(18)-C(19)                   1.362(13)  
            C(19)-C(20)                   1.387(13)  
            C(19)-S(1)                    1.766(9)  
            C(20)-C(21)                   1.378(12)  
            S(1)-C(22)                    1.799(10)  
            N(4)-C(23)                    1.329(11)  
            N(4)-C(27)                    1.392(11)  
            C(23)-C(24)                   1.377(14)  
            C(24)-C(25)                   1.381(14)  
            C(25)-C(26)                   1.437(13)  
            C(26)-C(27)                   1.372(13)  
            C(26)-C(33)                   1.457(13)  
            C(27)-C(28)                   1.440(12)  
            C(28)-N(5)                    1.376(12)  
            C(28)-C(29)                   1.399(12)  
            C(29)-C(30)                   1.401(12)  
            C(29)-C(34)                   1.443(13)  
            C(30)-C(31)                   1.357(13)  
            C(31)-C(32)                   1.400(13)  
            C(32)-N(5)                    1.330(11)  
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            C(15)-N(3)-Ru(1)            127.1(6)  
            C(11)-N(3)-Ru(1)            114.1(6)  
            C(17)-C(16)-C(21)           117.9(8)  
            C(17)-C(16)-C(8)            122.9(9)  
            C(21)-C(16)-C(8)            119.2(8)  
            C(16)-C(17)-C(18)           119.5(9)  
            C(19)-C(18)-C(17)           122.3(9)  
            C(18)-C(19)-C(20)           118.5(9)  
            C(18)-C(19)-S(1)            125.0(7)  
            C(20)-C(19)-S(1)            116.5(8)  
            C(21)-C(20)-C(19)           120.4(9)  
            C(20)-C(21)-C(16)           121.3(9)  
            C(19)-S(1)-C(22)            103.9(5)  
            C(23)-N(4)-C(27)            117.5(8)  
            C(23)-N(4)-Ru(1)            127.9(6)  
            C(27)-N(4)-Ru(1)            114.6(5)  
            N(4)-C(23)-C(24)            122.3(9)  
            C(23)-C(24)-C(25)           121.0(9)  
            C(24)-C(25)-C(26)           118.4(9)  
            C(27)-C(26)-C(25)           116.7(8)  
            C(27)-C(26)-C(33)           120.0(8)  
            C(25)-C(26)-C(33)           123.3(8)  
            C(26)-C(27)-N(4)            124.0(8)  
            C(26)-C(27)-C(28)           120.6(8)  
            N(4)-C(27)-C(28)            115.3(8)  
            N(5)-C(28)-C(29)            124.6(8)  
            N(5)-C(28)-C(27)            116.1(7)  
            C(29)-C(28)-C(27)           119.2(9)  
            C(28)-C(29)-C(30)           116.1(8)  
            C(28)-C(29)-C(34)           119.6(8)  
            C(30)-C(29)-C(34)           124.3(8)  
            C(31)-C(30)-C(29)           119.6(8)  
            C(30)-C(31)-C(32)           120.9(9)  
            N(5)-C(32)-C(31)            121.9(9)  
            C(32)-N(5)-C(28)            116.7(7)  
            C(32)-N(5)-Ru(1)            129.2(7)  
            C(28)-N(5)-Ru(1)            114.1(5)  
            C(34)-C(33)-C(26)           119.5(8)  
            C(34)-C(33)-C(35)           124.1(8)  
            C(26)-C(33)-C(35)           116.4(8)  
            C(33)-C(34)-C(29)           120.9(8)  
            C(33)-C(34)-C(36)           123.0(8)  
            C(29)-C(34)-C(36)           116.0(8)  
            N(6)-C(37)-C(38)            177.3(13)  
            N(7)-C(39)-C(40)            178.1(14)  
            N(8)-C(41)-C(42)            178.3(14)  
            F(3)-P(1)-F(2)               94.8(8)  
            F(3)-P(1)-F(4)              176.4(7)  
            F(2)-P(1)-F(4)               88.7(7)  
            F(3)-P(1)-F(5)               90.9(5)  
            F(2)-P(1)-F(5)               86.1(7)  
            F(4)-P(1)-F(5)               89.9(5)  
            F(3)-P(1)-F(6)               88.0(7)  
            F(2)-P(1)-F(6)              174.0(8)  
            F(4)-P(1)-F(6)               88.5(6)  
            F(5)-P(1)-F(6)               99.3(7)  
            F(3)-P(1)-F(1)               89.5(5)  
            F(2)-P(1)-F(1)               91.8(6)  
            F(4)-P(1)-F(1)               89.8(5)  
            F(5)-P(1)-F(1)              177.9(6)  
            F(6)-P(1)-F(1)               82.8(6)  
           _____________________________________________________________  
            C(33)-C(34)                   1.363(13)  
            C(33)-C(35)                   1.493(13)  
            C(34)-C(36)                   1.527(12)  
            N(6)-C(37)                    1.149(13)  
            C(37)-C(38)                   1.409(14)  
            N(7)-C(39)                    1.128(14)  
            C(39)-C(40)                   1.435(17)  
            N(8)-C(41)                    1.175(16)  
            C(41)-C(42)                   1.482(18)  
            P(1)-F(3)                     1.522(6)  
            P(1)-F(2)                     1.539(7)  
            P(1)-F(4)                     1.555(6)  
            P(1)-F(5)                     1.555(6)  
            P(1)-F(6)                     1.559(7)  
            P(1)-F(1)                     1.565(6)  
            N(2)-Ru(1)-N(4)              94.4(3)  
            N(2)-Ru(1)-N(3)              79.9(3)  
            N(4)-Ru(1)-N(3)              91.5(3)  
            N(2)-Ru(1)-N(5)             173.9(3)  
            N(4)-Ru(1)-N(5)              79.7(3)  
            N(3)-Ru(1)-N(5)              98.5(3)  
            N(2)-Ru(1)-N(1)              79.1(3)  
            N(4)-Ru(1)-N(1)              90.4(3)  
            N(3)-Ru(1)-N(1)             159.0(3)  
            N(5)-Ru(1)-N(1)             102.4(3)  
            N(2)-Ru(1)-Cl(1)             91.6(2)  
            N(4)-Ru(1)-Cl(1)            173.8(2)  
            N(3)-Ru(1)-Cl(1)             91.1(2)  
            N(5)-Ru(1)-Cl(1)             94.4(2)  
            N(1)-Ru(1)-Cl(1)             89.2(2)  
            C(1)-N(1)-C(5)              120.0(8)  
            C(1)-N(1)-Ru(1)             126.7(6)  
            C(5)-N(1)-Ru(1)             113.2(6)  
            N(1)-C(1)-C(2)              121.1(9)  
            C(3)-C(2)-C(1)              118.6(9)  
            C(4)-C(3)-C(2)              120.1(9)  
            C(3)-C(4)-C(5)              119.4(9)  
            N(1)-C(5)-C(4)              120.6(8)  
            N(1)-C(5)-C(6)              115.2(8)  
            C(4)-C(5)-C(6)              124.1(8)  
            N(2)-C(6)-C(7)              121.0(8)  
            N(2)-C(6)-C(5)              112.2(7)  
            C(7)-C(6)-C(5)              126.9(8)  
            C(6)-C(7)-C(8)              120.0(8)  
            C(9)-C(8)-C(7)              116.9(8)  
            C(9)-C(8)-C(16)             121.1(8)  
            C(7)-C(8)-C(16)             121.7(8)  
            C(10)-C(9)-C(8)             122.0(9)  
            N(2)-C(10)-C(9)             118.5(9)  
            N(2)-C(10)-C(11)            112.5(8)  
            C(9)-C(10)-C(11)            128.9(9)  
            C(6)-N(2)-C(10)             121.5(8)  
            C(6)-N(2)-Ru(1)             120.2(6)  
            C(10)-N(2)-Ru(1)            118.3(6)  
            N(3)-C(11)-C(12)            122.3(8)  
            N(3)-C(11)-C(10)            115.2(8)  
            C(12)-C(11)-C(10)           122.5(8)  
            C(11)-C(12)-C(13)           118.9(9)  
            C(14)-C(13)-C(12)           119.6(9)  
            C(13)-C(14)-C(15)           118.2(8)  
            N(3)-C(15)-C(14)            122.2(8)  
            C(15)-N(3)-C(11)            118.8(8)  
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           Symmetry transformations used to generate equivalent atoms:  
               
    Table 4.  Anisotropic displacement parameters (A^2 x 10^3) for YANN.  
    The anisotropic displacement factor exponent takes the form:  
    -2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ]  
   
    _______________________________________________________________________  
   
              U11        U22        U33        U23        U13        U12  
    _______________________________________________________________________  
   
    Ru(1)    20(1)      34(1)      43(1)      14(1)       5(1)      -1(1)  
    Cl(1)    27(1)      43(1)      46(1)      14(1)      11(1)       3(1)  
    N(1)     19(4)      33(4)      48(5)      10(3)       6(4)      -3(3)  
    C(1)     31(6)      43(5)      48(6)      20(4)      13(5)       8(4)  
    C(2)     32(6)      47(6)      44(6)      13(5)      10(5)      11(4)  
    C(3)     11(4)      54(6)      59(6)      20(5)       7(5)      -1(4)  
    C(4)     25(5)      45(5)      44(6)      13(4)       5(5)      -4(4)  
    C(5)     20(5)      50(6)      48(6)      22(5)      12(5)       2(4)  
    C(6)     16(4)      44(5)      45(5)      17(4)      13(4)      -5(3)  
    C(7)     22(5)      35(5)      40(5)       9(4)       6(4)      -5(3)  
    C(8)     31(5)      36(5)      47(6)      16(4)      17(5)      -3(4)  
    C(9)     43(6)      37(5)      36(5)      17(4)      11(5)       5(4)  
    C(10)    40(6)      41(5)      30(5)       8(4)      14(5)       1(4)  
    N(2)     18(4)      40(4)      49(5)      17(4)      12(4)       0(3)  
    C(11)    28(5)      39(5)      39(5)      10(4)       6(4)       0(4)  
    C(12)    33(6)      43(5)      38(5)      16(4)      12(5)       3(4)  
    C(13)    26(5)      55(6)      40(5)      20(5)      10(5)       3(4)  
    C(14)    17(5)      49(6)      43(5)      14(4)       5(4)      -2(4)  
    C(15)    23(5)      37(5)      38(5)       6(4)       8(4)      -7(3)  
    N(3)     38(5)      37(4)      43(5)      16(4)      20(4)       6(3)  
    C(16)    29(6)      43(5)      44(6)       7(4)       8(5)      -4(4)  
    C(17)    29(6)      46(6)      61(7)      18(5)      12(5)       3(4)  
    C(18)    34(6)      36(5)      57(6)      10(5)      14(5)      -5(4)  
    C(19)    37(6)      37(5)      40(5)       4(4)      10(5)      -6(4)  
    C(20)    31(6)      42(5)      40(5)       8(4)       5(5)       5(4)  
    C(21)    32(6)      31(5)      57(6)      19(4)       8(5)       0(4)  
    S(1)     33(2)      45(2)      90(2)      29(1)      19(2)       0(1)  
    C(22)    46(7)      38(5)      56(6)      19(5)      12(5)      -5(4)  
    N(4)     31(4)      35(4)      33(4)      14(3)       8(4)       0(3)  
    C(23)    28(6)      36(5)      67(7)      20(5)       6(5)      -1(4)  
    C(24)    37(6)      55(6)      66(7)      34(6)      22(6)       5(5)  
    C(25)    27(5)      52(6)      38(5)       9(5)       7(5)       2(4)  
    C(26)    20(5)      50(6)      39(5)      18(4)       1(4)       2(4)  
    C(27)    13(4)      40(5)      42(5)      15(4)      -1(4)       0(3)  
    C(28)    29(5)      24(4)      59(6)      12(4)      15(5)      -5(3)  
    C(29)    12(4)      43(5)      46(6)       8(4)       2(4)      -6(3)  
    C(30)    24(5)      33(5)      46(6)      11(4)       6(4)      -3(3)  
    C(31)    25(6)      50(6)      53(6)      16(5)       3(5)      -3(4)  
    C(32)    34(6)      40(5)      42(5)      23(4)       5(5)       3(4)  
    N(5)     24(4)      31(4)      50(5)      14(4)       4(4)      -2(3)  
    C(33)    25(5)      44(5)      43(6)      16(4)       6(4)       1(4)  
    C(34)    29(5)      37(5)      42(6)       0(4)       2(5)      -1(4)  
    C(35)    49(7)      51(6)      39(6)       5(5)      10(5)       3(5)  
    C(36)    55(7)      39(5)      61(7)       9(5)      22(6)      -4(5)  
    N(6)     48(7)      68(7)      71(7)      21(5)       5(6)       1(5)  
    C(37)    40(7)      47(6)      47(6)       9(5)       5(5)      -1(5)  
    C(38)    54(8)      52(6)      57(7)      24(5)      16(6)      -2(5)  
    N(7)    100(11)     63(7)      86(9)      20(6)       2(8)     -23(7)  
    C(39)    42(7)      73(8)      54(7)      31(6)       0(6)      -1(6)  
    C(40)    88(12)     49(7)     103(11)     35(7)       6(9)       7(7)  
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    N(8)     33(6)      83(7)      77(7)      12(6)       8(6)     -12(5)  
    C(41)    52(9)      55(7)      71(8)      15(6)      13(7)      -7(6)  
    C(42)    46(7)      57(7)      65(7)      22(6)      18(6)      10(5)  
    P(1)     36(2)      51(2)      52(2)      19(1)      14(1)       1(1)  
    F(1)     92(7)      91(6)     125(7)      53(5)      38(6)      41(5)  
    F(2)    101(9)     131(8)     148(10)    -49(7)      13(8)     -15(6)  
    F(3)    268(15)    131(8)     255(14)    144(9)     223(14)    136(9)  
    F(4)    155(10)     78(5)     156(9)      26(6)     113(9)       0(5)  
    F(5)    116(9)     191(10)    106(7)      81(7)      71(7)      98(7)  
    F(6)    109(10)    206(12)     96(7)     -31(7)      35(7)     -22(8)  
    _______________________________________________________________________  
  
  
         Table 5.  Hydrogen coordinates ( x 10^4) and isotropic  
         displacement parameters (A^2 x 10^3) for YANN.  
   
         ________________________________________________________________  
   
                         x             y             z           U(eq)  
         ________________________________________________________________  
   
          H(1)         4191          -184          3858          46  
          H(2)         6933            69          4504          49  
          H(3)         8182          1513          4805          49  
          H(4)         6709          2668          4501          47  
          H(7)         5046          3710          4115          40  
          H(9)          466          4010          3012          45  
          H(12)       -2041          3288          2618          44  
          H(13)       -4458          2399          2044          46  
          H(14)       -4509           857          1913          44  
          H(15)       -2136           255          2414          40  
          H(17)        5530          4837          3508          54  
          H(18)        6040          6291          3393          51  
          H(20)        1665          6826          3447          47  
          H(21)        1138          5403          3603          47  
          H(22A)       6863          7838          3674          55  
          H(22B)       6323          8435          2973          55  
          H(22C)       6229          7372          2629          55  
          H(23)        2303          1811          1801          53  
          H(24)        2578          1290           390          58  
          H(25)        2304          -240          -270          48  
          H(30)        -232         -2857          1993          42  
          H(31)        -559         -2138          3350          52  
          H(32)         214          -616          3944          45  
          H(35A)       1554         -2599          -647          57  
          H(35B)       2789         -1747          -448          57  
          H(35C)        972         -1715          -939          57  
          H(36A)       1227         -3343           104          61  
          H(36B)       -445         -3345           309          61  
          H(36C)       1115         -3396          1071          61  
          H(38A)       8609          5148          8819          63  
          H(38B)       6807          4791          8312          63  
          H(38C)       7351          5155          9375          63  
          H(40A)       5070          2906         10092          98  
          H(40B)       3759          3095          9269          98  
          H(40C)       5494          2929          9187          98  
          H(42A)        776          3443          5804          65  
          H(42B)       1708          4237          5599          65  
          H(42C)       1398          3262          4936          65  
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Chapter 3: X-ray crystal structure data for Complex 4 
X-ray crystal structure was solved by Dr. Mary Jane Heeg in Wayne State University, Department of Chemistry 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. X-ray crystal structure of complex 4 (chapter 3) 
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     Table 6.  Crystal data and structure refinement for Complex 4 in Chapter 3  
   
   
     Identification code               zdak  
   
      Empirical formula                 C42 H39 Cl F6 N7 P Ru S  
   
      Formula weight                    955.35  
   
      Temperature                       100(2) K  
   
      Wavelength                        0.71073 A  
   
      Crystal system, space group       Monoclinic,  P21/c  
   
      Unit cell dimensions              a = 15.7842(8) A   alpha = 90 deg.  
                                        b = 13.1866(7) A    beta = 93.825(2) deg.  
                                        c = 19.5857(10) A   gamma = 90 deg.  
   
      Volume                            4067.5(4) A^3  
   
      Z, Calculated density             4,  1.560 Mg/m^3  
   
      Absorption coefficient            0.611 mm^-1  
   
      F(000)                            1944  
   
      Crystal size                      0.35 x 0.29 x 0.09 mm  
   
      Theta range for data collection   1.29 to 28.36 deg.  
   
      Limiting indices                  -21<=h<=21, 0<=k<=17, 0<=l<=26  
   
      Reflections collected / unique    72908 / 10161 [R(int) = 0.0537]  
   
      Completeness to theta = 28.30     100.0 %  
   
      Absorption correction             Semi-empirical from equivalents  
   
      Max. and min. transmission        0.9471 and 0.8146  
   
      Refinement method                 Full-matrix least-squares on F^2  
   
      Data / restraints / parameters    10161 / 8 / 533  
   
      Goodness-of-fit on F^2            1.027  
   
      Final R indices [I>2sigma(I)]     R1 = 0.0419, wR2 = 0.1102  
   
      R indices (all data)              R1 = 0.0504, wR2 = 0.1162  
   
      Largest diff. peak and hole       1.933 and -1.348 e.A^-3  
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         Table 7.  Atomic coordinates ( x 10^4) and equivalent isotropic  
         displacement parameters (A^2 x 10^3) for ZDAK.  
         U(eq) is defined as one third of the trace of the orthogonalized  
         Uij tensor.  
   
         ________________________________________________________________  
   
                         x             y             z           U(eq)  
         ________________________________________________________________  
   
          Ru(1)        3379(1)       5485(1)       3425(1)       17(1)  
          Cl(1)        4171(1)       3928(1)       3394(1)       22(1)  
          S(1)         3126(1)       4336(1)       8845(1)       29(1)  
          N(1)         2639(1)       6747(2)       3300(1)       20(1)  
          N(2)         3439(1)       5754(2)       2386(1)       20(1)  
          C(1)         2232(2)       7237(2)       3776(1)       24(1)  
          C(2)         1712(2)       8082(2)       3642(2)       27(1)  
          C(3)         1586(2)       8437(2)       2976(2)       27(1)  
          C(4)         1984(2)       7911(2)       2455(2)       25(1)  
          C(5)         2510(2)       7082(2)       2640(1)       21(1)  
          C(6)         2954(2)       6545(2)       2144(1)       20(1)  
          C(7)         2896(2)       6845(2)       1453(1)       24(1)  
          C(8)         2318(2)       7657(2)       1270(2)       28(1)  
          C(9)         1891(2)       8156(2)       1741(2)       29(1)  
          C(10)        3402(2)       6330(2)        996(1)       25(1)  
          C(11)        3923(2)       5553(2)       1252(1)       25(1)  
          C(12)        3909(2)       5278(2)       1941(1)       23(1)  
          C(13)        1312(2)       8580(2)       4232(2)       36(1)  
          C(14)        1049(2)       9361(3)       2833(2)       40(1)  
          C(15)        3388(2)       6600(3)        251(1)       35(1)  
          C(16)        4497(2)       4981(3)        809(2)       31(1)  
          N(3)         2288(1)       4636(2)       3447(1)       19(1)  
          N(4)         3309(1)       5337(2)       4407(1)       18(1)  
          N(5)         4436(1)       6294(2)       3777(1)       19(1)  
          C(17)        1794(2)       4284(2)       2912(1)       22(1)  
          C(18)        1051(2)       3753(2)       2998(1)       25(1)  
          C(19)         800(2)       3592(2)       3651(1)       25(1)  
          C(20)        1313(2)       3927(2)       4204(1)       21(1)  
          C(21)        2060(2)       4437(2)       4095(1)       18(1)  
          C(22)        2658(2)       4809(2)       4647(1)       18(1)  
          C(23)        2612(2)       4664(2)       5343(1)       20(1)  
          C(24)        3251(2)       5050(2)       5806(1)       19(1)  
          C(25)        3917(2)       5598(2)       5539(1)       19(1)  
          C(26)        3930(2)       5734(2)       4839(1)       18(1)  
          C(27)        4571(2)       6286(2)       4474(1)       19(1)  
          C(28)        5259(2)       6787(2)       4801(1)       23(1)  
          C(29)        5813(2)       7320(2)       4415(2)       26(1)  
          C(30)        5665(2)       7340(2)       3709(2)       27(1)  
          C(31)        4980(2)       6817(2)       3409(1)       23(1)  
          C(32)        3228(2)       4865(2)       6546(1)       20(1)  
          C(33)        2786(2)       4032(2)       6783(1)       24(1)  
          C(34)        2762(2)       3832(2)       7477(1)       25(1)  
          C(35)        3169(2)       4478(2)       7955(1)       24(1)  
          C(36)        3618(2)       5309(2)       7725(1)       23(1)  
          C(37)        3655(2)       5493(2)       7033(1)       22(1)  
          C(38)        2568(2)       3161(2)       8917(2)       33(1)  
          N(6)         -314(2)       1401(3)       2738(2)       55(1)  
          C(39)        -260(2)       1302(3)       3311(2)       36(1)  
          C(40)        -186(2)       1191(3)       4048(2)       42(1)  
          N(7)          -65(3)       8875(3)       8946(2)       58(1)  
          C(41)         407(2)       8838(2)       9618(2)       32(1)  
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          C(42)         766(2)       8812(2)      10134(2)       31(1)  
          P(1)         1759(1)       3741(1)        880(1)       23(1)  
          F(1)         1791(1)       4825(1)       1245(1)       34(1)  
          F(2)         1733(1)       2645(1)        517(1)       41(1)  
          F(3)         1115(2)       4159(2)        281(1)       48(1)  
          F(4)         2432(2)       3358(2)       1472(1)       46(1)  
          F(5)         2538(2)       4067(2)        445(1)       48(1)  
          F(6)          992(2)       3427(2)       1329(2)       50(1)  
          F(3')        2122(5)       3176(6)       1561(2)       22(2)  
          F(4')        1417(5)       4275(6)        182(2)       20(2)  
          F(5')         811(2)       3666(6)       1120(4)       21(2)  
          F(6')        2705(2)       3787(7)        636(5)       26(2)  
         ________________________________________________________________  
   
           Table 8.  Bond lengths [A] and angles [deg] for ZDAK.  
           _____________________________________________________________  
   
            Ru(1)-N(4)                    1.943(2)  
            Ru(1)-N(1)                    2.039(2)  
            Ru(1)-N(3)                    2.056(2)  
            Ru(1)-N(5)                    2.061(2)  
            Ru(1)-N(2)                    2.075(2)  
            Ru(1)-Cl(1)                   2.4069(7)  
            S(1)-C(35)                    1.758(3)  
            S(1)-C(38)                    1.792(3)  
            N(1)-C(1)                     1.332(3)  
            N(1)-C(5)                     1.368(3)  
            N(2)-C(12)                    1.337(3)  
            N(2)-C(6)                     1.360(3)  
            C(1)-C(2)                     1.398(4)  
            C(2)-C(3)                     1.388(4)  
            C(2)-C(13)                    1.504(4)  
            C(3)-C(4)                     1.417(4)  
            C(3)-C(14)                    1.500(4)  
            C(4)-C(5)                     1.405(4)  
            C(4)-C(9)                     1.434(4)  
            C(5)-C(6)                     1.423(4)  
            C(6)-C(7)                     1.408(3)  
            C(7)-C(10)                    1.412(4)  
            C(7)-C(8)                     1.436(4)  
            C(8)-C(9)                     1.349(4)  
            C(10)-C(11)                   1.387(4)  
            C(10)-C(15)                   1.501(4)  
            C(11)-C(12)                   1.398(4)  
            C(11)-C(16)                   1.498(4)  
            N(3)-C(17)                    1.346(3)  
            N(3)-C(21)                    1.368(3)  
            N(4)-C(22)                    1.352(3)  
            N(4)-C(26)                    1.356(3)  
            N(5)-C(31)                    1.347(3)  
            N(5)-C(27)                    1.369(3)  
            C(17)-C(18)                   1.385(4)  
            C(18)-C(19)                   1.382(4)  
            C(19)-C(20)                   1.382(4)  
            C(20)-C(21)                   1.386(4)  
            C(21)-C(22)                   1.470(3)  
            C(22)-C(23)                   1.383(3)  
            C(23)-C(24)                   1.404(4)  
            C(24)-C(25)                   1.405(4)  
            C(24)-C(32)                   1.473(3)  
            C(25)-C(26)                   1.385(3)  
            C(26)-C(27)                   1.469(4)  
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C(7)-C(6)-C(5)              120.9(2)  
            C(6)-C(7)-C(10)             118.1(3)  
            C(6)-C(7)-C(8)              116.7(3)  
            C(10)-C(7)-C(8)             125.2(3)  
            C(9)-C(8)-C(7)              122.1(3)  
            C(8)-C(9)-C(4)              122.2(3)  
            C(11)-C(10)-C(7)            118.2(2)  
            C(11)-C(10)-C(15)           119.8(3)  
            C(7)-C(10)-C(15)            122.0(3)  
            C(10)-C(11)-C(12)           119.5(3)  
            C(10)-C(11)-C(16)           121.9(3)  
            C(12)-C(11)-C(16)           118.5(3)  
            N(2)-C(12)-C(11)            123.5(3)  
            C(17)-N(3)-C(21)            118.8(2)  
            C(17)-N(3)-Ru(1)            127.83(18)  
            C(21)-N(3)-Ru(1)            113.34(17)  
            C(22)-N(4)-C(26)            121.1(2)  
            C(22)-N(4)-Ru(1)            119.38(17)  
            C(26)-N(4)-Ru(1)            119.49(17)  
            C(31)-N(5)-C(27)            118.4(2)  
            C(31)-N(5)-Ru(1)            128.16(18)  
            C(27)-N(5)-Ru(1)            113.43(17)  
            N(3)-C(17)-C(18)            122.1(2)  
            C(19)-C(18)-C(17)           119.1(3)  
            C(18)-C(19)-C(20)           119.2(3)  
            C(19)-C(20)-C(21)           119.7(2)  
            N(3)-C(21)-C(20)            121.0(2)  
            N(3)-C(21)-C(22)            115.0(2)  
            C(20)-C(21)-C(22)           124.0(2)  
            N(4)-C(22)-C(23)            120.3(2)  
            N(4)-C(22)-C(21)            112.4(2)  
            C(23)-C(22)-C(21)           127.3(2)  
            C(22)-C(23)-C(24)           120.2(2)  
            C(23)-C(24)-C(25)           118.0(2)  
            C(23)-C(24)-C(32)           120.8(2)  
            C(25)-C(24)-C(32)           121.2(2)  
            C(26)-C(25)-C(24)           119.7(2)  
            N(4)-C(26)-C(25)            120.6(2)  
            N(4)-C(26)-C(27)            112.4(2)  
            C(25)-C(26)-C(27)           127.0(2)  
            N(5)-C(27)-C(28)            121.4(2)  
            N(5)-C(27)-C(26)            115.0(2)  
            C(28)-C(27)-C(26)           123.6(2)  
            C(29)-C(28)-C(27)           119.4(3)  
            C(28)-C(29)-C(30)           118.9(3)  
            C(31)-C(30)-C(29)           119.3(3)  
            N(5)-C(31)-C(30)            122.6(3)  
            C(33)-C(32)-C(37)           117.7(2)  
            C(33)-C(32)-C(24)           120.2(2)  
            C(37)-C(32)-C(24)           122.1(2)  
            C(34)-C(33)-C(32)           121.5(2)  
            C(33)-C(34)-C(35)           120.1(3)  
            C(34)-C(35)-C(36)           119.0(2)  
            C(34)-C(35)-S(1)            123.8(2)  
            C(36)-C(35)-S(1)            117.3(2)  
            C(37)-C(36)-C(35)           120.7(2)  
            C(36)-C(37)-C(32)           121.0(2)  
            N(6)-C(39)-C(40)            179.1(4)  
            C(42)-C(41)-N(7)            179.7(4)  
            F(1)-P(1)-F(6)               89.29(14)  
            F(1)-P(1)-F(3)               91.10(13)  
            F(6)-P(1)-F(3)               91.45(18)  
            C(27)-C(28)                   1.390(4)  
            C(28)-C(29)                   1.385(4)  
            C(29)-C(30)                   1.388(4)  
            C(30)-C(31)                   1.379(4)  
            C(32)-C(33)                   1.398(4)  
            C(32)-C(37)                   1.402(4)  
            C(33)-C(34)                   1.386(4)  
            C(34)-C(35)                   1.392(4)  
            C(35)-C(36)                   1.396(4)  
            C(36)-C(37)                   1.382(4)  
            N(6)-C(39)                    1.126(5)  
            C(39)-C(40)                   1.449(5)  
            N(7)-C(41)                    1.469(5)  
            C(41)-C(42)                   1.124(5)  
            P(1)-F(1)                     1.5977(19)  
            P(1)-F(6)                     1.5979(10)  
            P(1)-F(3)                     1.5986(10)  
            P(1)-F(6')                    1.5998(10)  
            P(1)-F(4')                    1.6002(10)  
            P(1)-F(5')                    1.6004(10)  
            P(1)-F(3')                    1.6005(10)  
            P(1)-F(4)                     1.6006(10)  
            P(1)-F(5)                     1.6011(10)  
            P(1)-F(2)                     1.6092(19)  
   
            N(4)-Ru(1)-N(1)              97.50(9)  
            N(4)-Ru(1)-N(3)              79.74(9)  
            N(1)-Ru(1)-N(3)              88.47(9)  
            N(4)-Ru(1)-N(5)              79.59(9)  
            N(1)-Ru(1)-N(5)              93.52(9)  
            N(3)-Ru(1)-N(5)             159.31(9)  
            N(4)-Ru(1)-N(2)             175.85(9)  
            N(1)-Ru(1)-N(2)              78.82(9)  
            N(3)-Ru(1)-N(2)             101.96(9)  
            N(5)-Ru(1)-N(2)              98.63(9)  
            N(4)-Ru(1)-Cl(1)             90.20(6)  
            N(1)-Ru(1)-Cl(1)            171.08(6)  
            N(3)-Ru(1)-Cl(1)             88.48(6)  
            N(5)-Ru(1)-Cl(1)             92.29(6)  
            N(2)-Ru(1)-Cl(1)             93.62(7)  
            C(35)-S(1)-C(38)            102.83(14)  
            C(1)-N(1)-C(5)              117.1(2)  
            C(1)-N(1)-Ru(1)             127.65(19)  
            C(5)-N(1)-Ru(1)             115.12(17)  
            C(12)-N(2)-C(6)             117.2(2)  
            C(12)-N(2)-Ru(1)            128.50(19)  
            C(6)-N(2)-Ru(1)             114.22(17)  
            N(1)-C(1)-C(2)              124.1(3)  
            C(3)-C(2)-C(1)              119.3(3)  
            C(3)-C(2)-C(13)             122.2(3)  
            C(1)-C(2)-C(13)             118.5(3)  
            C(2)-C(3)-C(4)              118.0(3)  
            C(2)-C(3)-C(14)             119.6(3)  
            C(4)-C(3)-C(14)             122.4(3)  
            C(5)-C(4)-C(3)              118.6(3)  
            C(5)-C(4)-C(9)              116.6(3)  
            C(3)-C(4)-C(9)              124.8(3)  
            N(1)-C(5)-C(4)              122.9(3)  
            N(1)-C(5)-C(6)              115.8(2)  
            C(4)-C(5)-C(6)              121.3(2)  
            N(2)-C(6)-C(7)              123.3(3)  
            N(2)-C(6)-C(5)              115.9(2)  
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            F(1)-P(1)-F(6')              95.6(3)  
            F(6)-P(1)-F(6')             158.7(4)  
            F(3)-P(1)-F(6')             109.2(4)  
            F(1)-P(1)-F(4')              89.3(3)  
            F(6)-P(1)-F(4')             111.1(4)  
            F(3)-P(1)-F(4')              19.8(3)  
            F(6')-P(1)-F(4')             89.8(5)  
            F(1)-P(1)-F(5')              85.8(3)  
            F(6)-P(1)-F(5')              20.8(3)  
            F(3)-P(1)-F(5')              71.1(3)  
            F(6')-P(1)-F(5')            178.6(4)  
            F(4')-P(1)-F(5')             90.5(5)  
            F(1)-P(1)-F(3')              92.5(3)  
            F(6)-P(1)-F(3')              70.3(4)  
            F(3)-P(1)-F(3')             161.3(4)  
            F(6')-P(1)-F(3')             88.7(5)  
            F(4')-P(1)-F(3')            177.7(4)  
            F(5')-P(1)-F(3')             91.0(5)  
            F(1)-P(1)-F(4)               87.61(13)  
            F(6)-P(1)-F(4)               90.61(17)  
            F(3)-P(1)-F(4)              177.56(18)  
            F(6')-P(1)-F(4)              68.9(4)  
            F(4')-P(1)-F(4)             158.0(4)  
            F(5')-P(1)-F(4)             110.9(3)  
            F(3')-P(1)-F(4)              21.0(3)  
            F(1)-P(1)-F(5)               89.72(14)  
            F(6)-P(1)-F(5)              178.69(17)  
            F(3)-P(1)-F(5)               89.43(17)  
            F(6')-P(1)-F(5)              20.8(3)  
            F(4')-P(1)-F(5)              69.7(3)  
            F(5')-P(1)-F(5)             159.8(4)  
            F(3')-P(1)-F(5)             108.9(4)  
            F(4)-P(1)-F(5)               88.49(17)  
            F(1)-P(1)-F(2)              179.49(12)  
            F(6)-P(1)-F(2)               90.74(14)  
            F(3)-P(1)-F(2)               89.40(14)  
            F(6')-P(1)-F(2)              84.2(3)  
            F(4')-P(1)-F(2)              91.2(3)  
            F(5')-P(1)-F(2)              94.4(3)  
            F(3')-P(1)-F(2)              87.0(3)  
            F(4)-P(1)-F(2)               91.88(14)  
            F(5)-P(1)-F(2)               90.24(14)  
           _____________________________________________________________  
   
           Symmetry transformations used to generate equivalent atoms:  
             
   
    Table 9.  Anisotropic displacement parameters (A^2 x 10^3) for ZDAK.  
    The anisotropic displacement factor exponent takes the form:  
    -2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ]  
   
    _______________________________________________________________________  
   
              U11        U22        U33        U23        U13        U12  
    _______________________________________________________________________  
   
    Ru(1)    20(1)      19(1)      12(1)       1(1)       1(1)       0(1)  
    Cl(1)    24(1)      22(1)      20(1)       2(1)       0(1)       2(1)  
    S(1)     40(1)      35(1)      14(1)      -1(1)       3(1)     -10(1)  
    N(1)     21(1)      18(1)      20(1)       0(1)       1(1)      -1(1)  
    N(2)     23(1)      21(1)      15(1)       2(1)       1(1)      -3(1)  
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    C(1)     24(1)      23(1)      25(1)      -2(1)       3(1)      -2(1)  
    C(2)     22(1)      23(1)      38(2)      -4(1)       4(1)      -1(1)  
    C(3)     21(1)      21(1)      40(2)       0(1)      -3(1)      -1(1)  
    C(4)     23(1)      20(1)      31(1)       3(1)      -5(1)      -4(1)  
    C(5)     22(1)      19(1)      21(1)       2(1)      -1(1)      -4(1)  
    C(6)     24(1)      19(1)      18(1)       3(1)      -2(1)      -5(1)  
    C(7)     30(1)      21(1)      19(1)       3(1)      -4(1)     -10(1)  
    C(8)     35(2)      23(1)      25(1)       8(1)     -10(1)      -8(1)  
    C(9)     30(1)      22(1)      33(2)       8(1)     -10(1)      -4(1)  
    C(10)    33(1)      25(1)      16(1)       2(1)      -2(1)     -12(1)  
    C(11)    29(1)      28(1)      17(1)      -1(1)       2(1)     -10(1)  
    C(12)    26(1)      26(1)      17(1)       1(1)       2(1)      -1(1)  
    C(13)    34(2)      29(2)      45(2)      -7(1)       8(1)       6(1)  
    C(14)    32(2)      29(2)      57(2)       1(1)      -5(2)       7(1)  
    C(15)    53(2)      33(2)      18(1)       5(1)       0(1)     -10(1)  
    C(16)    37(2)      38(2)      19(1)      -4(1)       8(1)      -7(1)  
    N(3)     21(1)      20(1)      16(1)       1(1)       0(1)       1(1)  
    N(4)     21(1)      18(1)      15(1)       0(1)       0(1)       1(1)  
    N(5)     21(1)      20(1)      17(1)       0(1)       1(1)       1(1)  
    C(17)    26(1)      25(1)      16(1)      -1(1)      -2(1)       2(1)  
    C(18)    25(1)      27(1)      22(1)      -4(1)      -4(1)      -1(1)  
    C(19)    23(1)      24(1)      27(1)       0(1)       0(1)      -2(1)  
    C(20)    23(1)      22(1)      19(1)       1(1)       2(1)       0(1)  
    C(21)    22(1)      18(1)      15(1)       0(1)       1(1)       3(1)  
    C(22)    19(1)      18(1)      17(1)       0(1)       1(1)       1(1)  
    C(23)    22(1)      21(1)      17(1)       1(1)       2(1)      -1(1)  
    C(24)    23(1)      18(1)      15(1)       0(1)       2(1)       2(1)  
    C(25)    22(1)      19(1)      16(1)      -1(1)       1(1)       1(1)  
    C(26)    21(1)      17(1)      17(1)       1(1)       0(1)       2(1)  
    C(27)    24(1)      16(1)      17(1)       0(1)       3(1)       1(1)  
    C(28)    25(1)      22(1)      23(1)      -1(1)      -2(1)       0(1)  
    C(29)    26(1)      24(1)      29(1)      -1(1)       0(1)      -3(1)  
    C(30)    28(1)      24(1)      29(1)       2(1)       6(1)      -4(1)  
    C(31)    26(1)      24(1)      21(1)       3(1)       4(1)      -1(1)  
    C(32)    23(1)      22(1)      15(1)       0(1)       2(1)       1(1)  
    C(33)    31(1)      25(1)      16(1)      -2(1)       1(1)      -5(1)  
    C(34)    33(1)      26(1)      17(1)       0(1)       3(1)      -7(1)  
    C(35)    27(1)      29(1)      14(1)       0(1)       2(1)      -1(1)  
    C(36)    26(1)      27(1)      17(1)      -2(1)      -1(1)      -3(1)  
    C(37)    25(1)      23(1)      18(1)       0(1)       1(1)      -1(1)  
    C(38)    47(2)      32(2)      21(1)       1(1)       7(1)      -8(1)  
    N(6)     70(2)      54(2)      42(2)      -4(2)       5(2)      27(2)  
    C(39)    35(2)      31(2)      42(2)      -2(1)      -1(1)       9(1)  
    C(40)    47(2)      37(2)      41(2)       6(1)      -6(2)      -9(2)  
    N(7)     69(2)      57(2)      47(2)       4(2)      -4(2)     -14(2)  
    C(41)    33(2)      25(2)      40(2)       3(1)      14(1)       0(1)  
    C(42)    28(1)      32(2)      31(2)       8(1)       4(1)       4(1)  
    P(1)     26(1)      24(1)      19(1)      -3(1)       1(1)       2(1)  
    F(1)     40(1)      28(1)      33(1)      -9(1)      -4(1)       4(1)  
    F(2)     63(1)      24(1)      36(1)     -10(1)       6(1)      -1(1)  
    _______________________________________________________________________  
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         Table 10.  Hydrogen coordinates ( x 10^4) and isotropic  
         displacement parameters (A^2 x 10^3) for ZDAK.  
   
         ________________________________________________________________  
   
                         x             y             z           U(eq)  
         ________________________________________________________________  
   
          H(1)         2300          6997          4233          28  
          H(8)         2234          7848           803          34  
          H(9)         1517          8689          1594          35  
          H(12)        4252          4725          2102          27  
          H(13A)       1535          9270          4293          43  
          H(13B)       1445          8187          4651          43  
          H(13C)        695          8608          4137          43  
          H(14A)        520          9299          3065          48  
          H(14B)        917          9424          2339          48  
          H(14C)       1359          9965          3002          48  
          H(15A)       3970          6605           105          42  
          H(15B)       3134          7273           179          42  
          H(15C)       3052          6097           -17          42  
          H(16A)       4163          4705           412          37  
          H(16B)       4770          4425          1072          37  
          H(16C)       4932          5440           653          37  
          H(17)        1961          4403          2462          27  
          H(18)         718          3504          2612          30  
          H(19)         280          3255          3719          30  
          H(20)        1155          3809          4657          26  
          H(23)        2148          4302          5509          24  
          H(25)        4357          5873          5838          23  
          H(28)        5348          6765          5286          28  
          H(29)        6286          7666          4630          31  
          H(30)        6031          7711          3434          32  
          H(31)        4890          6825          2925          28  
          H(33)        2496          3592          6462          29  
          H(34)        2467          3253          7625          30  
          H(36)        3900          5753          8047          28  
          H(37)        3974          6054          6886          26  
          H(38A)       1996          3226          8695          40  
          H(38B)       2528          2995          9402          40  
          H(38C)       2875          2621          8695          40  
          H(40A)       -587          1651          4252          51  
          H(40B)        394          1357          4221          51  
          H(40C)       -317           490          4169          51  
          H(42A)       1377          8821         10073          37  
          H(42B)        620          8190         10372          37  
          H(42C)        614          9403         10403          37  
         ________________________________________________________________  
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Chapter 4: X-ray crystal structure data for Complex 1 
X-ray crystal structure was solved by Dr. Richard J. Staples in Center Crystallographic for Research, Michigan State 
University, Department of Chemistry, East Lansing, MI 48824 
  
Figure 3. X-ray crystal structure of complex 1 (chapter 4) 
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  Table 11.  Crystal data and structure refinement for Complex 1 in Chapter 4 
 
Identification code  cnv512_0m 
Empirical formula  C44 H44 Cl F6 N6 O P Ru  
Formula weight  954.34  
Temperature  173(2) K  
Wavelength  0.71073 Å  
Crystal system  Monoclinic  
Space group  P 21/n  
Unit cell dimensions a = 13.5117(15) Å  
 b = 14.9765(17) Å  
 c = 21.206(2) Å  
Volume 4264.6(8) Å3  
Z 4  
Density (calculated) 1.486 Mg/m3  
Absorption coefficient 0.537 mm-1  
F(000) 1952  
Crystal size 0.28 x 0.27 x 0.05 mm3  
Theta range for data collection 1.67 to 25.34°.  
Index ranges -16<=h<=16, -17<=k<=17, -
25<=l<=25 
 
Reflections collected 34073  
Independent reflections 7765 [R(int) = 0.0466]  
Completeness to theta = 25.34° 99.5 %   
Absorption correction Semi-empirical from equivalents  
Max. and min. transmission 0.9757 and 0.8643  
Refinement method Full-matrix least-squares on F2  
Data / restraints / parameters 7765 / 6 / 549  
Goodness-of-fit on F2 1.013  
Final R indices [I>2sigma(I)] R1 = 0.0403, wR2 = 0.0944  
R indices (all data) R1 = 0.0586, wR2 = 0.1055  
Largest diff. peak and hole 0.913 and -0.509 e.Å-3  
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 Table 12.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 
for CNV512_0m.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Ru(1) 1498(1) 10050(1) 11684(1) 25(1) 
Cl(1) 193(1) 11147(1) 11495(1) 32(1) 
O(1) 4235(2) 10020(2) 7324(1) 45(1) 
N(1) 1272(2) 9896(2) 12636(1) 29(1) 
N(2) 2559(2) 9114(2) 11958(1) 27(1) 
N(3) 526(2) 9143(2) 11220(1) 27(1) 
N(4) 1874(2) 10126(2) 10822(1) 26(1) 
N(5) 2600(2) 11018(2) 11813(1) 27(1) 
C(1) 592(3) 10245(2) 12968(2) 40(1) 
C(2) 594(3) 10119(3) 13618(2) 49(1) 
C(3) 1310(3) 9616(3) 13944(2) 48(1) 
C(4) 2045(3) 9226(2) 13617(2) 36(1) 
C(5) 1990(2) 9375(2) 12964(2) 28(1) 
C(6) 2679(2) 8954(2) 12596(2) 28(1) 
C(7) 3416(3) 8384(2) 12884(2) 33(1) 
C(8) 3478(3) 8259(2) 13560(2) 41(1) 
C(9) 2822(3) 8658(2) 13907(2) 43(1) 
C(10) 4022(3) 7940(2) 12491(2) 39(1) 
C(11) 3875(3) 8081(2) 11849(2) 37(1) 
C(12) 3143(2) 8672(2) 11600(2) 33(1) 
C(13) -209(2) 8688(2) 11456(2) 34(1) 
C(14) -872(3) 8152(2) 11086(2) 37(1) 
C(15) -782(3) 8078(2) 10447(2) 38(1) 
C(16) -29(2) 8532(2) 10195(2) 32(1) 
C(17) 613(2) 9064(2) 10587(2) 27(1) 
C(18) 1424(2) 9593(2) 10361(2) 27(1) 
C(19) 1767(2) 9563(2) 9774(2) 29(1) 
C(20) 2580(2) 10084(2) 9645(2) 31(1) 
C(21) 3006(2) 10648(2) 10129(2) 30(1) 
C(22) 2648(2) 10659(2) 10713(2) 29(1) 
C(23) 3048(2) 11178(2) 11276(2) 29(1) 
C(24) 3831(3) 11772(2) 11284(2) 36(1) 
C(25) 4168(3) 12213(2) 11837(2) 40(1) 
C(26) 3714(3) 12052(2) 12374(2) 39(1) 
C(27) 2935(2) 11450(2) 12345(2) 32(1) 
C(28) 2995(2) 10036(2) 9031(2) 32(1) 
C(29) 2403(3) 9832(2) 8473(2) 35(1) 
C(30) 2784(3) 9807(2) 7892(2) 39(1) 
C(31) 3785(3) 9979(2) 7866(2) 38(1) 
C(32) 4394(3) 10152(3) 8425(2) 42(1) 
C(33) 4011(3) 10184(2) 8991(2) 39(1) 
C(34) 3640(3) 9796(3) 6739(2) 47(1) 
C(35) 4288(3) 9888(3) 6210(2) 46(1) 
C(36) 5173(3) 9263(3) 6271(2) 48(1) 
C(37) 5661(3) 9180(3) 5661(2) 51(1) 
C(38) 6546(3) 8560(3) 5707(2) 54(1) 
C(39) 6970(4) 8444(3) 5072(2) 62(1) 
C(40) 7834(4) 7827(3) 5091(2) 69(1) 
C(41) 8321(8) 7629(7) 4476(4) 69(2) 
C(42) 8789(6) 8503(6) 4256(4) 78(2) 
C(41B) 7986(17) 7819(19) 4382(7) 69(2) 
C(42B) 8871(11) 7182(12) 4370(7) 78(2) 
P(1) 1393(1) 8178(1) 5733(1) 42(1) 
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F(1) 991(2) 9084(2) 5430(1) 83(1) 
F(2) 1811(2) 7261(2) 6036(1) 75(1) 
F(3) 2505(2) 8462(2) 5628(2) 98(1) 
F(4) 1547(2) 8649(2) 6410(1) 87(1) 
F(5) 1314(3) 7755(2) 5056(1) 92(1) 
F(6) 327(2) 7926(2) 5863(2) 92(1) 
C(1S) 1695(3) 7302(3) 7648(2) 63(1) 
C(2S) 2746(4) 7165(4) 7619(2) 65(1) 
N(1S) 3555(3) 7044(4) 7597(2) 110(2) 
________________________________________________________________________________   
  
Table 13.   Bond lengths [Å] and angles [°] for  CNV512_0m. 
_____________________________________________________  
Ru(1)-N(4)  1.955(3) 
Ru(1)-N(2)  2.042(3) 
Ru(1)-N(3)  2.061(3) 
Ru(1)-N(5)  2.075(3) 
Ru(1)-N(1)  2.089(3) 
Ru(1)-Cl(1)  2.4114(8) 
O(1)-C(31)  1.360(4) 
O(1)-C(34)  1.440(4) 
N(1)-C(1)  1.326(4) 
N(1)-C(5)  1.372(4) 
N(2)-C(12)  1.332(4) 
N(2)-C(6)  1.366(4) 
N(3)-C(13)  1.346(4) 
N(3)-C(17)  1.365(4) 
N(4)-C(18)  1.354(4) 
N(4)-C(22)  1.355(4) 
N(5)-C(27)  1.334(4) 
N(5)-C(23)  1.370(4) 
C(1)-C(2)  1.392(5) 
C(1)-H(1)  0.9500 
C(2)-C(3)  1.354(6) 
C(2)-H(2)  0.9500 
C(3)-C(4)  1.400(5) 
C(3)-H(3)  0.9500 
C(4)-C(5)  1.397(5) 
C(4)-C(9)  1.435(5) 
C(5)-C(6)  1.428(4) 
C(6)-C(7)  1.399(5) 
C(7)-C(10)  1.400(5) 
C(7)-C(8)  1.438(5) 
C(8)-C(9)  1.351(5) 
C(8)-H(8)  0.9500 
C(9)-H(9)  0.9500 
C(10)-C(11)  1.370(5) 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.387(5) 
C(11)-H(11)  0.9500 
C(12)-H(12)  0.9500 
C(13)-C(14)  1.380(5) 
C(13)-H(13)  0.9500 
C(14)-C(15)  1.378(5) 
C(14)-H(14)  0.9500 
C(15)-C(16)  1.380(5) 
C(15)-H(15)  0.9500 
C(16)-C(17)  1.386(4) 
C(16)-H(16)  0.9500 
C(17)-C(18)  1.475(4) 
C(18)-C(19)  1.375(5) 
C(19)-C(20)  1.400(5) 
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P(1)-F(4)  1.593(3) 
P(1)-F(3)  1.600(3) 
C(1S)-C(2S)  1.443(6) 
C(1S)-H(1S1)  0.9800 
C(1S)-H(1S2)  0.9800 
C(1S)-H(1S3)  0.9800 
C(2S)-N(1S)  1.114(6) 
 
N(4)-Ru(1)-N(2) 93.37(10) 
N(4)-Ru(1)-N(3) 79.07(10) 
N(2)-Ru(1)-N(3) 94.22(10) 
N(4)-Ru(1)-N(5) 79.91(10) 
N(2)-Ru(1)-N(5) 88.33(10) 
N(3)-Ru(1)-N(5) 158.93(10) 
N(4)-Ru(1)-N(1) 172.77(10) 
N(2)-Ru(1)-N(1) 79.79(10) 
N(3)-Ru(1)-N(1) 103.61(10) 
N(5)-Ru(1)-N(1) 97.43(10) 
N(4)-Ru(1)-Cl(1) 93.81(8) 
N(2)-Ru(1)-Cl(1) 172.82(8) 
N(3)-Ru(1)-Cl(1) 87.40(7) 
N(5)-Ru(1)-Cl(1) 92.67(7) 
N(1)-Ru(1)-Cl(1) 93.02(8) 
C(31)-O(1)-C(34) 117.2(3) 
C(1)-N(1)-C(5) 116.6(3) 
C(1)-N(1)-Ru(1) 130.9(2) 
C(5)-N(1)-Ru(1) 112.5(2) 
C(12)-N(2)-C(6) 117.7(3) 
C(12)-N(2)-Ru(1) 128.4(2) 
C(6)-N(2)-Ru(1) 113.9(2) 
C(13)-N(3)-C(17) 118.0(3) 
C(13)-N(3)-Ru(1) 127.8(2) 
C(17)-N(3)-Ru(1) 114.0(2) 
C(18)-N(4)-C(22) 121.2(3) 
C(18)-N(4)-Ru(1) 119.9(2) 
C(22)-N(4)-Ru(1) 118.7(2) 
C(27)-N(5)-C(23) 118.6(3) 
C(27)-N(5)-Ru(1) 128.4(2) 
C(23)-N(5)-Ru(1) 112.9(2) 
N(1)-C(1)-C(2) 123.2(3) 
N(1)-C(1)-H(1) 118.4 
C(2)-C(1)-H(1) 118.4 
C(3)-C(2)-C(1) 120.2(4) 
C(3)-C(2)-H(2) 119.9 
C(1)-C(2)-H(2) 119.9 
C(2)-C(3)-C(4) 119.2(3) 
C(2)-C(3)-H(3) 120.4 
C(4)-C(3)-H(3) 120.4 
C(5)-C(4)-C(3) 117.4(3) 
C(5)-C(4)-C(9) 118.3(3) 
C(3)-C(4)-C(9) 124.2(3) 
N(1)-C(5)-C(4) 123.4(3) 
N(1)-C(5)-C(6) 116.2(3) 
C(4)-C(5)-C(6) 120.4(3) 
N(2)-C(6)-C(7) 122.7(3) 
N(2)-C(6)-C(5) 116.8(3) 
C(7)-C(6)-C(5) 120.4(3) 
C(6)-C(7)-C(10) 117.7(3) 
C(6)-C(7)-C(8) 118.3(3) 
C(10)-C(7)-C(8) 124.0(3) 
C(9)-C(8)-C(7) 121.1(3) 
C(9)-C(8)-H(8) 119. 
C(19)-H(19)  0.9500 
C(20)-C(21)  1.403(5) 
C(20)-C(28)  1.476(5) 
C(21)-C(22)  1.378(5) 
C(21)-H(21)  0.9500 
C(22)-C(23)  1.475(4) 
C(23)-C(24)  1.381(5) 
C(24)-C(25)  1.379(5) 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.374(5) 
C(25)-H(25)  0.9500 
C(26)-C(27)  1.382(5) 
C(26)-H(26)  0.9500 
C(27)-H(27)  0.9500 
C(28)-C(29)  1.386(5) 
C(28)-C(33)  1.403(5) 
C(29)-C(30)  1.388(5) 
C(29)-H(29)  0.9500 
C(30)-C(31)  1.384(5) 
C(30)-H(30)  0.9500 
C(31)-C(32)  1.391(5) 
C(32)-C(33)  1.360(5) 
C(32)-H(32)  0.9500 
C(33)-H(33)  0.9500 
C(34)-C(35)  1.505(5) 
C(34)-H(34A)  0.9900 
C(34)-H(34B)  0.9900 
C(35)-C(36)  1.514(5) 
C(35)-H(35A)  0.9900 
C(35)-H(35B)  0.9900 
C(36)-C(37)  1.521(5) 
C(36)-H(36A)  0.9900 
C(36)-H(36B)  0.9900 
C(37)-C(38)  1.508(6) 
C(37)-H(37A)  0.9900 
C(37)-H(37B)  0.9900 
C(38)-C(39)  1.530(5) 
C(38)-H(38A)  0.9900 
C(38)-H(38B)  0.9900 
C(39)-C(40)  1.487(6) 
C(39)-H(39A)  0.9900 
C(39)-H(39B)  0.9900 
C(40)-C(41)  1.552(8) 
C(40)-C(41B)  1.540(14) 
C(40)-H(40A)  0.9900 
C(40)-H(40B)  0.9900 
C(41)-C(42)  1.548(12) 
C(41)-H(41A)  0.9900 
C(41)-H(41B)  0.9900 
C(42)-H(42A)  0.9800 
C(42)-H(42B)  0.9800 
C(42)-H(42C)  0.9800 
C(41B)-C(42B)  1.532(14) 
C(41B)-H(41C)  0.9900 
C(41B)-H(41D)  0.9900 
C(42B)-H(42D)  0.9800 
C(42B)-H(42E)  0.9800 
C(42B)-H(42F)  0.9800 
P(1)-F(6)  1.544(3) 
P(1)-F(5)  1.562(3) 
P(1)-F(1)  1.573(3) 
P(1)-F(2)  1.592(3) 
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C(28)-C(29)-C(30) 121.9(3) 
C(28)-C(29)-H(29) 119.1 
C(30)-C(29)-H(29) 119.1 
C(31)-C(30)-C(29) 119.4(3) 
C(31)-C(30)-H(30) 120.3 
C(29)-C(30)-H(30) 120.3 
O(1)-C(31)-C(30) 125.0(3) 
O(1)-C(31)-C(32) 115.7(3) 
C(30)-C(31)-C(32) 119.2(3) 
C(33)-C(32)-C(31) 120.8(3) 
C(33)-C(32)-H(32) 119.6 
C(31)-C(32)-H(32) 119.6 
C(32)-C(33)-C(28) 121.3(3) 
C(32)-C(33)-H(33) 119.4 
C(28)-C(33)-H(33) 119.4 
O(1)-C(34)-C(35) 107.8(3) 
O(1)-C(34)-H(34A)110.2 
C(35)-C(34)-H(34A) 110.2 
O(1)-C(34)-H(34B) 110.2 
C(35)-C(34)-H(34B) 110.2 
H(34A)-C(34)-H(34B) 108.5 
C(34)-C(35)-C(36) 113.5(3) 
C(34)-C(35)-H(35A) 108.9 
C(36)-C(35)-H(35A) 108.9 
C(34)-C(35)-H(35B) 108.9 
C(36)-C(35)-H(35B) 108.9 
H(35A)-C(35)-H(35B) 107.7 
C(35)-C(36)-C(37) 113.0(3) 
C(35)-C(36)-H(36A) 109.0 
C(37)-C(36)-H(36A) 109.0 
C(35)-C(36)-H(36B) 109.0 
C(37)-C(36)-H(36B) 109.0 
H(36A)-C(36)-H(36B) 107.8 
C(38)-C(37)-C(36) 114.3(3) 
C(38)-C(37)-H(37A) 108.7 
C(36)-C(37)-H(37A) 108.7 
C(38)-C(37)-H(37B) 108.7 
C(36)-C(37)-H(37B) 108.7 
H(37A)-C(37)-H(37B) 107.6 
C(37)-C(38)-C(39) 112.6(4) 
C(37)-C(38)-H(38A) 109.1 
C(39)-C(38)-H(38A) 109.1 
C(37)-C(38)-H(38B) 109.1 
C(39)-C(38)-H(38B) 109.1 
H(38A)-C(38)-H(38B) 107.8 
C(40)-C(39)-C(38) 114.7(4) 
C(40)-C(39)-H(39A) 108.6 
C(38)-C(39)-H(39A) 108.6 
C(40)-C(39)-H(39B) 108.6 
C(38)-C(39)-H(39B) 108.6 
H(39A)-C(39)-H(39B) 107.6 
C(39)-C(40)-C(41) 120.1(5) 
C(39)-C(40)-C(41B) 99.7(7) 
C(41)-C(40)-C(41B) 20.6(7) 
C(39)-C(40)-H(40A) 107.3 
C(41)-C(40)-H(40A) 107.3 
C(41B)-C(40)-H(40A) 114.6 
C(39)-C(40)-H(40B) 107.3 
C(41)-C(40)-H(40B) 107.3 
C(41B)-C(40)-H(40B) 120.0 
H(40A)-C(40)-H(40B) 106.9 
C(42)-C(41)-C(40) 108.6(7) 
5 
C(7)-C(8)-H(8) 119.5 
C(8)-C(9)-C(4) 121.5(3) 
C(8)-C(9)-H(9) 119.3 
C(4)-C(9)-H(9) 119.3 
C(11)-C(10)-C(7) 119.3(3) 
C(11)-C(10)-H(10) 120.4 
C(7)-C(10)-H(10) 120.4 
C(10)-C(11)-C(12) 119.7(3) 
C(10)-C(11)-H(11) 120.1 
C(12)-C(11)-H(11) 120.1 
N(2)-C(12)-C(11) 122.8(3) 
N(2)-C(12)-H(12) 118.6 
C(11)-C(12)-H(12) 118.6 
N(3)-C(13)-C(14) 122.8(3) 
N(3)-C(13)-H(13) 118.6 
C(14)-C(13)-H(13) 118.6 
C(15)-C(14)-C(13) 118.9(3) 
C(15)-C(14)-H(14) 120.6 
C(13)-C(14)-H(14) 120.6 
C(14)-C(15)-C(16) 119.4(3) 
C(14)-C(15)-H(15) 120.3 
C(16)-C(15)-H(15) 120.3 
C(15)-C(16)-C(17) 119.4(3) 
C(15)-C(16)-H(16) 120.3 
C(17)-C(16)-H(16) 120.3 
N(3)-C(17)-C(16) 121.5(3) 
N(3)-C(17)-C(18) 115.0(3) 
C(16)-C(17)-C(18) 123.5(3) 
N(4)-C(18)-C(19) 120.2(3) 
N(4)-C(18)-C(17) 111.8(3) 
C(19)-C(18)-C(17) 127.9(3) 
C(18)-C(19)-C(20) 120.6(3) 
C(18)-C(19)-H(19) 119.7 
C(20)-C(19)-H(19) 119.7 
C(19)-C(20)-C(21) 117.4(3) 
C(19)-C(20)-C(28) 121.9(3) 
C(21)-C(20)-C(28) 120.7(3) 
C(22)-C(21)-C(20) 120.6(3) 
C(22)-C(21)-H(21) 119.7 
C(20)-C(21)-H(21) 119.7 
N(4)-C(22)-C(21) 120.0(3) 
N(4)-C(22)-C(23) 113.1(3) 
C(21)-C(22)-C(23) 126.8(3) 
N(5)-C(23)-C(24) 120.7(3) 
N(5)-C(23)-C(22) 115.2(3) 
C(24)-C(23)-C(22) 124.1(3) 
C(25)-C(24)-C(23) 120.0(3) 
C(25)-C(24)-H(24) 120.0 
C(23)-C(24)-H(24) 120.0 
C(26)-C(25)-C(24) 119.0(3) 
C(26)-C(25)-H(25) 120.5 
C(24)-C(25)-H(25) 120.5 
C(25)-C(26)-C(27) 119.0(3) 
C(25)-C(26)-H(26) 120.5 
C(27)-C(26)-H(26) 120.5 
N(5)-C(27)-C(26) 122.6(3) 
N(5)-C(27)-H(27) 118.7 
C(26)-C(27)-H(27) 118.7 
C(29)-C(28)-C(33) 117.3(3) 
C(29)-C(28)-C(20) 121.6(3) 
C(33)-C(28)-C(20) 121.1(3) 
198 
 
C(42)-C(41)-H(41A) 110.0 
C(40)-C(41)-H(41A) 110.0 
C(42)-C(41)-H(41B) 110.0 
C(40)-C(41)-H(41B) 110.0 
H(41A)-C(41)-H(41B) 108.4 
C(41)-C(42)-H(42A) 109.5 
C(41)-C(42)-H(42B) 109.5 
H(42A)-C(42)-H(42B) 109.5 
C(41)-C(42)-H(42C) 109.5 
H(42A)-C(42)-H(42C) 109.5 
H(42B)-C(42)-H(42C) 109.5 
C(42B)-C(41B)-C(40) 102.1(12) 
C(42B)-C(41B)-H(41C) 111.4 
C(40)-C(41B)-H(41C) 111.4 
C(42B)-C(41B)-H(41D) 111.4 
C(40)-C(41B)-H(41D) 111.4 
H(41C)-C(41B)-H(41D) 109.2 
C(41B)-C(42B)-H(42D) 109.5 
C(41B)-C(42B)-H(42E) 109.5 
H(42D)-C(42B)-H(42E) 109.5 
C(41B)-C(42B)-H(42F) 109.5 
H(42D)-C(42B)-H(42F) 109.5 
H(42E)-C(42B)-H(42F) 109.5 
F(6)-P(1)-F(5) 95.5(2) 
F(6)-P(1)-F(1) 89.80(17) 
F(5)-P(1)-F(1) 89.35(16) 
F(6)-P(1)-F(2) 90.77(16) 
F(5)-P(1)-F(2) 90.39(16) 
F(1)-P(1)-F(2) 179.39(17) 
F(6)-P(1)-F(4) 88.75(19) 
F(5)-P(1)-F(4) 175.6(2) 
F(1)-P(1)-F(4) 89.49(16) 
F(2)-P(1)-F(4) 90.73(16) 
F(6)-P(1)-F(3) 177.4(2) 
F(5)-P(1)-F(3) 87.12(19) 
F(1)-P(1)-F(3) 90.04(18) 
F(2)-P(1)-F(3) 89.40(17) 
F(4)-P(1)-F(3) 88.66(18) 
C(2S)-C(1S)-H(1S1) 109.5 
C(2S)-C(1S)-H(1S2) 109.5 
H(1S1)-C(1S)-H(1S2) 109.5 
C(2S)-C(1S)-H(1S3) 109.5 
H(1S1)-C(1S)-H(1S3) 109.5 
H(1S2)-C(1S)-H(1S3) 109.5 
N(1S)-C(2S)-C(1S) 178.8(7) 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
  
  
 Table 14.   Anisotropic displacement parameters  (Å2x 103) for CNV512_0m.  The anisotropic 
displacement factor exponent takes the form:  -  
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
______________________________________________________________________________  
Ru(1) 22(1)  26(1) 27(1)  1(1) 3(1)  -1(1) 
Cl(1) 28(1)  30(1) 37(1)  0(1) -1(1)  1(1) 
O(1) 39(1)  65(2) 31(1)  -7(1) 11(1)  -12(1) 
N(1) 29(2)  29(2) 30(2)  0(1) 8(1)  1(1) 
N(2) 25(1)  25(1) 30(2)  2(1) 3(1)  -4(1) 
N(3) 25(1)  24(1) 33(2)  2(1) 5(1)  1(1) 
N(4) 23(1)  28(1) 27(1)  0(1) 0(1)  -2(1) 
N(5) 25(1)  24(1) 29(2)  1(1) -1(1)  2(1) 
199 
 
C(1) 41(2)  39(2) 42(2)  5(2) 16(2)  11(2) 
C(2) 57(3)  49(2) 45(2)  3(2) 26(2)  16(2) 
C(3) 65(3)  47(2) 33(2)  6(2) 18(2)  7(2) 
C(4) 46(2)  30(2) 34(2)  3(2) 9(2)  2(2) 
C(5) 29(2)  24(2) 31(2)  3(1) 5(1)  0(1) 
C(6) 29(2)  25(2) 30(2)  2(1) 6(1)  -3(1) 
C(7) 30(2)  31(2) 41(2)  4(2) 6(2)  0(2) 
C(8) 43(2)  40(2) 41(2)  11(2) 1(2)  6(2) 
C(9) 59(3)  41(2) 30(2)  10(2) 6(2)  3(2) 
C(10) 32(2)  35(2) 51(2)  8(2) 7(2)  6(2) 
C(11) 32(2)  36(2) 46(2)  -1(2) 14(2)  4(2) 
C(12) 31(2)  37(2) 31(2)  -2(2) 9(2)  -1(2) 
C(13) 34(2)  32(2) 36(2)  4(2) 9(2)  1(2) 
C(14) 26(2)  36(2) 50(2)  6(2) 5(2)  -9(2) 
C(15) 32(2)  36(2) 46(2)  2(2) -2(2)  -10(2) 
C(16) 30(2)  33(2) 32(2)  -1(1) 1(2)  -5(2) 
C(17) 23(2)  27(2) 31(2)  4(1) 2(1)  2(1) 
C(18) 24(2)  27(2) 30(2)  3(1) 0(1)  -2(1) 
C(19) 26(2)  32(2) 30(2)  0(1) 2(1)  -2(1) 
C(20) 27(2)  33(2) 32(2)  3(2) 2(1)  0(1) 
C(21) 25(2)  31(2) 35(2)  2(1) 4(1)  -5(1) 
C(22) 23(2)  28(2) 34(2)  1(1) 2(1)  -2(1) 
C(23) 26(2)  29(2) 32(2)  3(1) -2(1)  0(1) 
C(24) 32(2)  41(2) 35(2)  4(2) 1(2)  -8(2) 
C(25) 35(2)  39(2) 45(2)  2(2) -4(2)  -11(2) 
C(26) 41(2)  36(2) 36(2)  -4(2) -10(2)  -5(2) 
C(27) 32(2)  33(2) 28(2)  -1(2) -2(2)  0(2) 
C(28) 30(2)  33(2) 33(2)  3(2) 4(1)  -6(2) 
C(29) 28(2)  40(2) 39(2)  0(2) 5(2)  -5(2) 
C(30) 34(2)  52(2) 31(2)  -2(2) 1(2)  -8(2) 
C(31) 37(2)  41(2) 36(2)  -3(2) 11(2)  -7(2) 
C(32) 28(2)  59(3) 40(2)  -4(2) 7(2)  -12(2) 
C(33) 32(2)  52(2) 32(2)  -3(2) 3(2)  -8(2) 
C(34) 44(2)  66(3) 32(2)  1(2) 6(2)  -7(2) 
C(35) 49(2)  58(3) 31(2)  3(2) 5(2)  -5(2) 
C(36) 56(3)  56(3) 32(2)  3(2) 8(2)  -4(2) 
C(37) 59(3)  58(3) 37(2)  4(2) 11(2)  -4(2) 
C(38) 57(3)  62(3) 43(2)  0(2) 12(2)  -6(2) 
C(39) 65(3)  77(3) 47(3)  4(2) 17(2)  4(3) 
C(40) 76(3)  74(3) 58(3)  -1(2) 18(3)  -6(3) 
C(41) 71(8)  71(7) 70(4)  3(4) 27(5)  35(5) 
C(42) 61(4)  110(6) 66(4)  -3(4) 16(4)  7(4) 
C(41B) 71(8)  71(7) 70(4)  3(4) 27(5)  35(5) 
C(42B) 61(4)  110(6) 66(4)  -3(4) 16(4)  7(4) 
P(1) 39(1)  52(1) 37(1)  1(1) 9(1)  12(1) 
F(1) 124(2)  76(2) 57(2)  24(1) 45(2)  53(2) 
F(2) 68(2)  70(2) 87(2)  18(2) 11(2)  28(1) 
F(3) 58(2)  102(2) 140(3)  -11(2) 32(2)  -8(2) 
F(4) 106(2)  97(2) 56(2)  -16(2) -6(2)  11(2) 
F(5) 143(3)  82(2) 52(2)  -25(2) 14(2)  18(2) 
F(6) 43(2)  101(2) 136(3)  32(2) 25(2)  -1(2) 
C(1S) 47(3)  79(3) 65(3)  5(3) 10(2)  -2(2) 
C(2S) 53(3)  96(4) 47(3)  -21(2) 11(2)  -10(3) 
N(1S) 42(3)  197(6) 93(4)  -74(4) 12(2)  -6(3) 
______________________________________________________________________________   
  
Table 15.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) 
for CNV512_0m. 
________________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________________  
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H(1) 78 10599 12751 48 
H(2) 91 10387 13835 58 
H(3) 1314 9528 14388 57 
H(8) 3988 7891 13766 50 
H(9) 2878 8560 14352 52 
H(10) 4529 7545 12667 47 
H(11) 4272 7775 11576 45 
H(12) 3054 8764 11154 39 
H(13) -274 8738 11896 40 
H(14) -1381 7840 11268 45 
H(15) -1233 7717 10183 46 
H(16) 48 8479 9757 38 
H(19) 1449 9185 9454 35 
H(21) 3545 11026 10054 36 
H(24) 4136 11878 10908 44 
H(25) 4707 12622 11847 48 
H(26) 3932 12351 12760 46 
H(27) 2625 11340 12718 38 
H(29) 1718 9705 8489 42 
H(30) 2361 9674 7515 47 
H(32) 5086 10249 8411 50 
H(33) 4440 10309 9367 47 
H(34A) 3061 10204 6668 57 
H(34B) 3390 9176 6757 57 
H(35A) 4532 10511 6201 55 
H(35B) 3879 9771 5801 55 
H(36A) 4953 8664 6396 57 
H(36B) 5673 9482 6613 57 
H(37A) 5158 8963 5320 61 
H(37B) 5877 9780 5537 61 
H(38A) 6345 7969 5858 64 
H(38B) 7073 8799 6024 64 
H(39A) 6434 8218 4755 75 
H(39B) 7175 9036 4926 75 
H(40A) 7623 7247 5257 82 
H(40B) 8362 8066 5407 82 
H(41A) 8841 7165 4560 83 
H(41B) 7812 7407 4141 83 
H(42A) 9090 8391 3864 117 
H(42B) 9303 8710 4586 117 
H(42C) 8272 8960 4179 117 
H(41C) 7389 7590 4118 83 
H(41D) 8147 8423 4232 83 
H(42D) 8986 7065 3929 117 
H(42E) 8726 6619 4576 117 
H(42F) 9467 7454 4597 117 
H(1S1) 1342 7268 7219 95 
H(1S2) 1588 7891 7830 95 
H(1S3) 1441 6840 7915 95 
________________________________________________________________________________   
 
 Table 16.  Torsion angles [°] for CNV512_0m. 
________________________________________________________________  
N(4)-Ru(1)-N(1)-C(1) 165.5(7) 
N(2)-Ru(1)-N(1)-C(1) -175.4(3) 
N(3)-Ru(1)-N(1)-C(1) -83.5(3) 
N(5)-Ru(1)-N(1)-C(1) 97.6(3) 
Cl(1)-Ru(1)-N(1)-C(1) 4.5(3) 
N(4)-Ru(1)-N(1)-C(5) -11.1(9) 
N(2)-Ru(1)-N(1)-C(5) 8.0(2) 
N(3)-Ru(1)-N(1)-C(5) 99.9(2) 
N(5)-Ru(1)-N(1)-C(5) -79.0(2) 
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C(4)-C(5)-C(6)-C(7) 0.3(5) 
N(2)-C(6)-C(7)-C(10) -2.4(5) 
C(5)-C(6)-C(7)-C(10) 175.3(3) 
N(2)-C(6)-C(7)-C(8) -179.9(3) 
C(5)-C(6)-C(7)-C(8) -2.1(5) 
C(6)-C(7)-C(8)-C(9) 2.2(5) 
C(10)-C(7)-C(8)-C(9) -175.0(4) 
C(7)-C(8)-C(9)-C(4) -0.5(6) 
C(5)-C(4)-C(9)-C(8) -1.3(6) 
C(3)-C(4)-C(9)-C(8) 176.2(4) 
C(6)-C(7)-C(10)-C(11) 0.2(5) 
C(8)-C(7)-C(10)-C(11) 177.4(3) 
C(7)-C(10)-C(11)-C(12) 1.2(5) 
C(6)-N(2)-C(12)-C(11) -1.7(5) 
Ru(1)-N(2)-C(12)-C(11) 176.6(2) 
C(10)-C(11)-C(12)-N(2) -0.4(5) 
C(17)-N(3)-C(13)-C(14) -0.2(5) 
Ru(1)-N(3)-C(13)-C(14) 174.3(2) 
N(3)-C(13)-C(14)-C(15) 0.0(5) 
C(13)-C(14)-C(15)-C(16) 0.6(5) 
C(14)-C(15)-C(16)-C(17) -0.9(5) 
C(13)-N(3)-C(17)-C(16) -0.2(4) 
Ru(1)-N(3)-C(17)-C(16) -175.4(2) 
C(13)-N(3)-C(17)-C(18) 179.1(3) 
Ru(1)-N(3)-C(17)-C(18) 3.8(3) 
C(15)-C(16)-C(17)-N(3) 0.8(5) 
C(15)-C(16)-C(17)-C(18) -178.5(3) 
C(22)-N(4)-C(18)-C(19) 1.9(5) 
Ru(1)-N(4)-C(18)-C(19) -172.0(2) 
C(22)-N(4)-C(18)-C(17) 179.2(3) 
Ru(1)-N(4)-C(18)-C(17) 5.2(4) 
N(3)-C(17)-C(18)-N(4) -5.8(4) 
C(16)-C(17)-C(18)-N(4) 173.5(3) 
N(3)-C(17)-C(18)-C(19) 171.2(3) 
C(16)-C(17)-C(18)-C(19) -9.5(5) 
N(4)-C(18)-C(19)-C(20) -0.3(5) 
C(17)-C(18)-C(19)-C(20) -177.0(3) 
C(18)-C(19)-C(20)-C(21) -1.6(5) 
C(18)-C(19)-C(20)-C(28) 177.1(3) 
C(19)-C(20)-C(21)-C(22) 2.0(5) 
C(28)-C(20)-C(21)-C(22) -176.7(3) 
C(18)-N(4)-C(22)-C(21) -1.6(5) 
Ru(1)-N(4)-C(22)-C(21) 172.4(2) 
C(18)-N(4)-C(22)-C(23) -179.0(3) 
Ru(1)-N(4)-C(22)-C(23) -5.0(4) 
C(20)-C(21)-C(22)-N(4) -0.5(5) 
C(20)-C(21)-C(22)-C(23) 176.6(3) 
C(27)-N(5)-C(23)-C(24) 0.1(5) 
Ru(1)-N(5)-C(23)-C(24) -177.0(3) 
C(27)-N(5)-C(23)-C(22) 178.8(3) 
Ru(1)-N(5)-C(23)-C(22) 1.7(3) 
N(4)-C(22)-C(23)-N(5) 1.9(4) 
C(21)-C(22)-C(23)-N(5) -175.3(3) 
N(4)-C(22)-C(23)-C(24) -179.5(3) 
C(21)-C(22)-C(23)-C(24) 3.3(5) 
N(5)-C(23)-C(24)-C(25) 0.0(5) 
C(22)-C(23)-C(24)-C(25) -178.6(3) 
C(23)-C(24)-C(25)-C(26) -0.2(5) 
C(24)-C(25)-C(26)-C(27) 0.3(5) 
C(23)-N(5)-C(27)-C(26) 0.0(5) 
Ru(1)-N(5)-C(27)-C(26) 176.6(2) 
C(25)-C(26)-C(27)-N(5) -0.2(5) 
Cl(1)-Ru(1)-N(1)-C(5) -172.0(2) 
N(4)-Ru(1)-N(2)-C(12) -8.7(3) 
N(3)-Ru(1)-N(2)-C(12) 70.6(3) 
N(5)-Ru(1)-N(2)-C(12) -88.5(3) 
N(1)-Ru(1)-N(2)-C(12) 173.7(3) 
Cl(1)-Ru(1)-N(2)-C(12) 173.4(4) 
N(4)-Ru(1)-N(2)-C(6) 169.7(2) 
N(3)-Ru(1)-N(2)-C(6) -111.0(2) 
N(5)-Ru(1)-N(2)-C(6) 89.9(2) 
N(1)-Ru(1)-N(2)-C(6) -7.9(2) 
Cl(1)-Ru(1)-N(2)-C(6) -8.1(7) 
N(4)-Ru(1)-N(3)-C(13) -175.5(3) 
N(2)-Ru(1)-N(3)-C(13) 91.8(3) 
N(5)-Ru(1)-N(3)-C(13) -171.8(3) 
N(1)-Ru(1)-N(3)-C(13) 11.3(3) 
Cl(1)-Ru(1)-N(3)-C(13) -81.2(3) 
N(4)-Ru(1)-N(3)-C(17) -0.9(2) 
N(2)-Ru(1)-N(3)-C(17) -93.5(2) 
N(5)-Ru(1)-N(3)-C(17) 2.8(4) 
N(1)-Ru(1)-N(3)-C(17) -174.0(2) 
Cl(1)-Ru(1)-N(3)-C(17) 93.5(2) 
N(2)-Ru(1)-N(4)-C(18) 91.1(2) 
N(3)-Ru(1)-N(4)-C(18) -2.6(2) 
N(5)-Ru(1)-N(4)-C(18) 178.8(2) 
N(1)-Ru(1)-N(4)-C(18) 109.8(8) 
Cl(1)-Ru(1)-N(4)-C(18) -89.2(2) 
N(2)-Ru(1)-N(4)-C(22) -83.0(2) 
N(3)-Ru(1)-N(4)-C(22) -176.7(2) 
N(5)-Ru(1)-N(4)-C(22) 4.7(2) 
N(1)-Ru(1)-N(4)-C(22) -64.2(9) 
Cl(1)-Ru(1)-N(4)-C(22) 96.7(2) 
N(4)-Ru(1)-N(5)-C(27) 179.9(3) 
N(2)-Ru(1)-N(5)-C(27) -86.3(3) 
N(3)-Ru(1)-N(5)-C(27) 176.2(3) 
N(1)-Ru(1)-N(5)-C(27) -6.9(3) 
Cl(1)-Ru(1)-N(5)-C(27) 86.5(3) 
N(4)-Ru(1)-N(5)-C(23) -3.3(2) 
N(2)-Ru(1)-N(5)-C(23) 90.4(2) 
N(3)-Ru(1)-N(5)-C(23) -7.0(4) 
N(1)-Ru(1)-N(5)-C(23) 169.9(2) 
Cl(1)-Ru(1)-N(5)-C(23) -96.7(2) 
C(5)-N(1)-C(1)-C(2) 1.3(5) 
Ru(1)-N(1)-C(1)-C(2) -175.2(3) 
N(1)-C(1)-C(2)-C(3) -0.4(7) 
C(1)-C(2)-C(3)-C(4) 0.0(6) 
C(2)-C(3)-C(4)-C(5) -0.5(6) 
C(2)-C(3)-C(4)-C(9) -178.0(4) 
C(1)-N(1)-C(5)-C(4) -1.9(5) 
Ru(1)-N(1)-C(5)-C(4) 175.2(3) 
C(1)-N(1)-C(5)-C(6) 176.0(3) 
Ru(1)-N(1)-C(5)-C(6) -6.9(3) 
C(3)-C(4)-C(5)-N(1) 1.5(5) 
C(9)-C(4)-C(5)-N(1) 179.2(3) 
C(3)-C(4)-C(5)-C(6) -176.3(3) 
C(9)-C(4)-C(5)-C(6) 1.4(5) 
C(12)-N(2)-C(6)-C(7) 3.2(5) 
Ru(1)-N(2)-C(6)-C(7) -175.4(2) 
C(12)-N(2)-C(6)-C(5) -174.7(3) 
Ru(1)-N(2)-C(6)-C(5) 6.7(3) 
N(1)-C(5)-C(6)-N(2) 0.3(4) 
C(4)-C(5)-C(6)-N(2) 178.2(3) 
N(1)-C(5)-C(6)-C(7) -177.6(3) 
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C(21)-C(20)-C(28)-C(29) -151.0(3) 
C(19)-C(20)-C(28)-C(33) -148.9(3) 
C(21)-C(20)-C(28)-C(33) 29.8(5) 
C(33)-C(28)-C(29)-C(30) -2.4(5) 
C(20)-C(28)-C(29)-C(30) 178.3(3) 
C(28)-C(29)-C(30)-C(31) 0.8(6) 
C(34)-O(1)-C(31)-C(30) -5.2(5) 
C(34)-O(1)-C(31)-C(32) 176.7(3) 
C(29)-C(30)-C(31)-O(1) -176.5(3) 
C(29)-C(30)-C(31)-C(32) 1.6(6) 
O(1)-C(31)-C(32)-C(33) 175.9(3) 
C(30)-C(31)-C(32)-C(33) -2.3(6) 
C(31)-C(32)-C(33)-C(28) 0.7(6) 
C(29)-C(28)-C(33)-C(32) 1.7(5) 
C(20)-C(28)-C(33)-C(32) -179.1(3) 
C(31)-O(1)-C(34)-C(35) 179.9(3) 
O(1)-C(34)-C(35)-C(36) 61.8(4) 
C(34)-C(35)-C(36)-C(37) 164.7(4) 
C(35)-C(36)-C(37)-C(38) -180.0(4) 
C(36)-C(37)-C(38)-C(39) 176.0(4) 
C(37)-C(38)-C(39)-C(40) -179.1(4) 
C(38)-C(39)-C(40)-C(41) 178.5(7) 
C(38)-C(39)-C(40)-C(41B) 175.4(13) 
C(39)-C(40)-C(41)-C(42) 65.0(9) 
C(41B)-C(40)-C(41)-C(42) 74(4) 
C(39)-C(40)-C(41B)-C(42B) -179.6(15) 
C(41)-C(40)-C(41B)-C(42B) 8(3) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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Chapter 5. X-ray crystal structure data for complex 1 
X-ray crystal structure was solved by Habib Baydoune in, Wayne State University, Department of Chemistry,  
 
  
Figure 4. X-ray crystal structure of complex 1 (chapter 5) 
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Table 17. Crystal data and structure refinement for Complex 1 chapter 5 
 
Identification code  hhbDW169_0m  
Empirical formula  C60N4O2ClRuPF6H67  
Formula weight  1157.67  
Temperature/K  100.1  
Crystal system  triclinic  
Space group  P-1  
a/Å  12.8026(6)  
b/Å  15.0623(8)  
c/Å  19.8264(10)  
α/°  68.182(3)  
β/°  88.474(3)  
γ/°  66.262(3)  
Volume/Å3  3214.9(3)  
Z  2  
ρcalcmg/mm3  1.196  
m/mm-1  0.368  
F(000)  1202.0  
Crystal size/mm3  0.5 × 0.3 × 0.1  
2Θ range for data collection  3.22 to 58.26°  
Index ranges  -17 ≤ h ≤ 17, -20 ≤ k ≤ 20, -27 ≤ l ≤ 27  
Reflections collected  113593  
Independent reflections  17146[R(int) = 0.0695]  
Data/restraints/parameters  17146/0/687  
Goodness-of-fit on F2  1.124  
Final R indexes [I>=2σ (I)]  R1 = 0.0571, wR2 = 0.1596  
Final R indexes [all data]  R1 = 0.0822, wR2 = 0.1706  
Largest diff. peak/hole / e Å-3  1.74/-0.90  
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Table 18 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) 
for hhbDW169_0m. Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ tensor.  
Atom  x  y  z  U(eq)  
Ru2  2265.80(17)  10343.44(17
)  
3948.90(12)  15.97(8)  
O8  607.2(16)  11435.9(16)  3560.6(10)  18.6(4)  
P2  4735.2(8)  5664.6(7)  3441.0(6)  37.4(2)  
F7  4597(3)  5266(2)  4293.1(15)  62.5(7)  
F2  6090(2)  5195(2)  3660(2)  82.9(10)  
F3  3390(2)  6124(2)  3255(2)  90.7(12)  
F4  4897(4)  6028(3)  2624.8(17)  98.3(12)  
F5  4866(3)  4548(2)  3478.6(17)  68.9(8)  
F6  4627(2)  6751.9(19)  3442.9(18)  69.6(8)  
N1  3847.2(19)  9219.1(19)  4282.3(12)  17.9(5)  
N2  3233.9(19)  11202.7(18)  3807.4(12)  16.8(5)  
N3  1931.3(19)  9022.1(19)  4321.0(12)  17.9(5)  
C1  3999(2)  8203(2)  4534.4(14)  16.9(5)  
C2  5092(2)  7390(2)  4769.6(15)  19.4(6)  
C3  6057(2)  7614(2)  4767.6(15)  18.3(6)  
C4  7214(2)  6738(2)  5098.0(15)  19.0(6)  
C5  8218(3)  6895(2)  5065.6(17)  24.1(6)  
C6  9282(2)  6094(2)  5429.0(18)  24.5(6)  
C7  9378(2)  5088(2)  5832.7(16)  23.5(6)  
C8  8392(3)  4897(3)  5861(2)  33.7(8)  
C9  7335(3)  5709(3)  5504(2)  34.9(8)  
O10  10362.8(18)  4235.8(17)  6219.3(12)  30.6(5)  
C11  11399(3)  4374(3)  6270.1(19)  30.5(7)  
C12  12295(3)  3339(3)  6801(2)  44.4(10)  
C13  11975(4)  2841(3)  7552(2)  52.6(11)  
C14  11880(4)  3398(4)  8056(3)  62.7(13)  
C15  13001(4)  3275(4)  8325(3)  57.8(12)  
C16  12900(6)  3722(5)  8949(3)  95(2)  
C21  5861(2)  8674(2)  4499.4(15)  18.3(6)  
C22  4754(2)  9459(2)  4251.4(14)  16.6(5)  
C23  4395(2)  10612(2)  3960.5(14)  15.3(5)  
C24  2817(2)  12268(2)  3548.5(15)  20.0(6)  
C25  3539(3)  12772(2)  3424.2(16)  23.2(6)  
C26  4718(3)  12178(2)  3570.3(16)  22.6(6)  
C27  5163(2)  11085(2)  3845.2(15)  18.4(6)  
C28  2905(2)  8087(2)  4552.3(15)  17.7(5)  
C29  894(2)  8989(2)  4369.4(16)  22.1(6)  
C30  782(3)  8050(3)  4628.2(19)  27.9(7)  
C31  1769(3)  7102(3)  4842.9(19)  29.7(7)  
C32  2841(2)  7128(2)  4805.1(17)  23.6(6)  
N33  2199.9(19)  10624.8(18)  2894.2(12)  17.6(5)  
C34  3212(2)  10278(2)  2559.4(15)  18.0(6)  
C35  3775(3)  9231(2)  2675.4(17)  25.8(6)  
C36  4778(3)  8903(3)  2369(2)  43.2(9)  
C37  5196(3)  9623(4)  1957(2)  53.0(11)  
C38  4632(3)  10661(3)  1847(2)  43.5(9)  
C39  3628(3)  11001(3)  2153.2(18)  27.1(7)  
C40  1183(2)  11336(2)  2462.9(15)  17.2(5)  
C41  299(2)  11740(2)  2872.6(15)  16.9(5)  
C42  -855(2)  12480(2)  2493.7(15)  19.5(6)  
C43  -1822(2)  12878(2)  2919.5(17)  24.0(6)  
C44  -1543(3)  13570(3)  3229(2)  34.8(8)  
C45  -1932(3)  11957(2)  3551.3(16)  25.2(6)  
C46  -2990(3)  13549(3)  2421.3(18)  32.1(8)  
C47  -992(2)  12801(2)  1751.3(16)  23.5(6)  
C48  -103(3)  12444(3)  1332.5(16)  26.5(7)  
C49  -399(3)  12921(3)  493.0(18)  45.8(11)  
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C50  -1462(5)  12819(5)  278(2)  70.6(15)  
C51  -658(6)  14052(5)  213(3)  107(3)  
C53  971(2)  11696(2)  1693.9(15)  23.6(6)  
C54  923(5)  8324(5)  2728(3)  90(2)  
C55  -271(5)  9059(5)  2654(3)  67.8(14)  
C56  -702(4)  10088(3)  2190(2)  51.2(10)  
C57  -1935(6)  10728(5)  2111(4)  86.0(18)  
C58  -2628(5)  10398(6)  2504(4)  78.6(18)  
C60  -1023(6)  8677(5)  3051(3)  71.2(15)  
C61  -2130(6)  9299(6)  3006(3)  83.2(18)  
Cl3  2040.1(5)  10374.5(5)  5140.3(3)  18.52(14)  
C18  673(10)  12757(14)  144(6)  92(6)  
C18B  526(9)  12163(8)  143(5)  48(3)  
C10  13998(6)  3612(5)  9301(3)  95(2)  
C17B  14613(9)  2612(8)  9839(6)  94(5)  
C19B  15693(11)  2568(12)  10226(8)  140(7)  
C17A  14620(20)  3417(17)  10009(9)  104(9)  
C19A  15531(17)  3600(40)  10134(14)  130(20)  
 
 
Table 19 Anisotropic Displacement Parameters (Å2×103) for hhbDW169_0m. The Anisotropic displacement factor 
exponent takes the form: -2π2[h2a*2U11+...+2hka×b×U12]  
Atom  U11  U22  U33  U23  U13  U12  
Ru2  7.98(12)  17.57(12)  18.00(12)  -6.55(9)  -0.09(7)  -1.58(8)  
O8  10.8(9)  22.4(10)  18.3(9)  -8.5(8)  -1.3(7)  -2.2(8)  
P2  28.0(5)  29.7(5)  55.6(6)  -19.8(4)  18.4(4)  -11.4(4)  
F7  78.0(19)  51.0(15)  67.1(17)  -29.1(13)  24.9(14)  -31.1(14)  
F2  28.7(14)  52.8(16)  154(3)  -31.2(18)  21.1(15)  -13.4(12)  
F3  37.5(16)  63.5(19)  123(3)  15.6(18)  -11.0(16)  -22.0(14)  
F4  153(4)  119(3)  67(2)  -39(2)  58(2)  -99(3)  
F5  94(2)  56.3(16)  95(2)  -53.3(16)  54.2(17)  -49.6(16)  
F6  69.6(19)  31.2(13)  111(2)  -30.3(14)  35.8(16)  -23.3(13)  
N1  9.2(11)  22.8(12)  16.8(11)  -6.5(9)  -0.4(8)  -3.3(9)  
N2  13.8(11)  19.0(11)  13.5(10)  -6.1(9)  0.5(8)  -3.3(9)  
N3  11.4(11)  19.9(12)  18.8(11)  -8.4(9)  1.8(8)  -2.6(9)  
C1  10.7(13)  20.7(14)  16.7(13)  -8.1(11)  0.8(9)  -3.5(11)  
C2  14.9(14)  16.5(13)  25.6(14)  -8.8(11)  3(1)  -5.1(11)  
C3  12.0(13)  21.0(14)  19.1(13)  -9.9(11)  2.2(10)  -2.5(11)  
C4  13.3(13)  19.1(14)  22.5(14)  -9.2(11)  1.4(10)  -3.8(11)  
C5  17.1(15)  17.1(14)  34.1(17)  -7.9(12)  0.4(12)  -5.4(12)  
C6  12.5(14)  20.7(14)  38.4(17)  -11.2(13)  -0.3(12)  -5.5(12)  
C7  11.7(14)  21.8(14)  26.8(15)  -7.9(12)  1.6(11)  1.2(11)  
C8  17.2(16)  18.3(15)  49(2)  1.6(14)  0.2(13)  -5.4(12)  
C9  17.1(16)  25.0(16)  48(2)  -3.6(15)  3.7(14)  -4.4(13)  
O10  14.1(11)  23.4(11)  36.6(13)  -1.7(10)  -1.4(9)  0.0(9)  
C11  17.5(15)  25.0(16)  38.7(18)  -11.7(14)  -3.6(12)  0.6(12)  
C12  17.4(17)  45(2)  40(2)  -2.4(17)  -1.5(14)  3.4(15)  
C13  48(3)  40(2)  44(2)  -7.8(18)  -3.6(18)  -1.9(19)  
C14  49(3)  46(3)  82(4)  -20(2)  0(2)  -14(2)  
C15  40(2)  45(2)  74(3)  -7(2)  6(2)  -19(2)  
C16  131(6)  93(5)  58(3)  -6(3)  -8(3)  -64(4)  
C21  11.2(13)  21.1(14)  19.3(13)  -5.8(11)  1.6(10)  -5.8(11)  
C22  14.6(13)  20.0(13)  17.1(13)  -8.9(11)  3.9(10)  -7.8(11)  
C23  10.7(12)  17.3(13)  13.6(12)  -4.9(10)  0.2(9)  -2.7(10)  
C24  18.2(14)  15.6(13)  18.8(13)  -6.7(11)  -0.9(10)  0.1(11)  
C25  23.6(15)  15.3(13)  23.3(14)  -4.1(11)  -0.8(11)  -4.0(12)  
C26  21.8(15)  23.3(15)  24.2(15)  -8.4(12)  5.1(11)  -11.8(12)  
C27  12.4(13)  18.6(13)  19.6(13)  -5.1(11)  0.4(10)  -4.4(11)  
C28  11.7(13)  21.2(14)  21.1(13)  -11.2(11)  2.8(10)  -5.4(11)  
C29  14.6(14)  25.0(15)  28.4(15)  -14.5(12)  4.8(11)  -6.7(12)  
C30  12.8(14)  33.9(17)  46.5(19)  -24.7(15)  7.6(12)  -11.0(13)  
C31  20.3(16)  27.6(16)  49(2)  -20.9(15)  9.1(13)  -12.1(13)  
207 
 
C32  14.5(14)  22.5(15)  35.5(17)  -15.1(13)  4.6(11)  -6.2(12)  
N33  9.9(11)  19.1(11)  20.4(11)  -3.7(9)  3.4(8)  -6.8(9)  
C34  9.2(13)  22.5(14)  19.3(13)  -9.2(11)  0.1(10)  -3.0(11)  
C35  21.1(15)  24.0(15)  25.9(15)  -10.3(12)  4.0(12)  -3.3(12)  
C36  31(2)  33.1(19)  54(2)  -22.7(18)  13.3(17)  1.9(16)  
C37  26(2)  57(3)  66(3)  -28(2)  24.0(18)  -5.2(19)  
C38  27.7(19)  51(2)  52(2)  -19.6(19)  18.4(16)  -18.6(18)  
C39  17.1(15)  32.8(17)  35.4(17)  -15.9(14)  5.9(12)  -12.3(13)  
C40  11.9(13)  16.9(13)  19.5(13)  -5.5(11)  0.8(10)  -4.3(10)  
C41  12.0(13)  17.2(13)  20.9(13)  -8.9(11)  2.5(10)  -4.5(10)  
C42  13.6(13)  17.2(13)  23.5(14)  -5.4(11)  -0.2(10)  -4.9(11)  
C43  12.0(14)  24.6(15)  29.4(16)  -12.3(13)  1.9(11)  -0.7(11)  
C44  28.4(18)  32.4(18)  46(2)  -23.6(16)  10.8(15)  -7.9(15)  
C45  16.8(15)  29.1(16)  24.0(15)  -10.1(13)  3.3(11)  -4.7(12)  
C46  15.4(15)  31.8(17)  32.2(17)  -8.6(14)  0.1(12)  2.4(13)  
C47  13.5(14)  22.0(14)  25.8(15)  -4.5(12)  -2.4(11)  -2.9(11)  
C48  18.0(15)  31.2(17)  19.5(14)  -3.5(12)  1.9(11)  -6.0(13)  
C49  23.1(18)  67(3)  15.6(15)  -0.9(16)  0.4(12)  -2.6(17)  
C50  87(4)  90(4)  24(2)  -11(2)  -15(2)  -36(3)  
C51  137(6)  109(5)  40(3)  40(3)  -27(3)  -81(5)  
C53  15.6(14)  29.9(16)  17.9(14)  -7.1(12)  3.1(10)  -4.7(12)  
C54  72(4)  101(5)  62(3)  -35(3)  -6(3)  -1(3)  
C55  77(4)  75(4)  54(3)  -29(3)  5(2)  -32(3)  
C56  63(3)  42(2)  55(3)  -22(2)  15(2)  -26(2)  
C57  105(5)  85(4)  95(5)  -51(4)  17(4)  -52(4)  
C58  64(4)  113(5)  95(4)  -78(4)  19(3)  -39(4)  
C60  99(5)  81(4)  59(3)  -24(3)  36(3)  -67(4)  
C61  104(5)  112(5)  61(3)  -35(4)  23(3)  -71(5)  
Cl3  12.8(3)  23.0(3)  18.8(3)  -8.8(3)  1.6(2)  -6.2(3)  
C18  38(6)  145(14)  20(4)  -18(7)  3(4)  17(8)  
C18B  46(5)  59(6)  13(3)  -13(4)  1(3)  0(5)  
C10  109(5)  92(5)  80(4)  0(3)  -26(4)  -69(4)  
C17B  82(7)  69(7)  115(9)  -5(6)  -43(6)  -43(6)  
C19B  109(9)  109(10)  147(11)  34(8)  -78(8)  -67(8)  
C17A  180(20)  140(17)  78(11)  -81(12)  83(13)  -123(18)  
C19A  48(12)  290(50)  92(18)  -140(30)  22(10)  -50(18)  
 
Table 20 Bond Lengths for hhbDW169_0m.  
Atom  Atom  Length/
Å  
Atom  Atom  Length/Å  
Ru2  O8  2.0351(1
9)  
C24  C25  1.379(4)  
Ru2  N1  1.970(2)  C25  C26  1.381(4)  
Ru2  N2  2.072(2)  C26  C27  1.389(4)  
Ru2  N3  2.066(2)  C28  C32  1.378(4)  
Ru2  N33  1.970(2)  C29  C30  1.381(4)  
Ru2  Cl3  2.3876(7
)  
C30  C31  1.393(4)  
O8  C41  1.283(3)  C31  C32  1.388(4)  
P2  F7  1.601(3)  N33  C34  1.435(3)  
P2  F2  1.588(3)  N33  C40  1.352(3)  
P2  F3  1.570(3)  C34  C35  1.371(4)  
P2  F4  1.541(3)  C34  C39  1.383(4)  
P2  F5  1.594(3)  C35  C36  1.391(5)  
P2  F6  1.589(3)  C36  C37  1.385(6)  
N1  C1  1.351(4)  C37  C38  1.363(6)  
N1  C22  1.341(4)  C38  C39  1.394(5)  
N2  C23  1.361(3)  C40  C41  1.440(4)  
N2  C24  1.355(4)  C40  C53  1.408(4)  
N3  C28  1.373(3)  C41  C42  1.450(4)  
N3  C29  1.349(4)  C42  C43  1.525(4)  
C1  C2  1.381(4)  C42  C47  1.359(4)  
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C1  C28  1.478(4)  C43  C44  1.542(5)  
C2  C3  1.405(4)  C43  C45  1.539(4)  
C3  C4  1.484(4)  C43  C46  1.534(4)  
C3  C21  1.395(4)  C47  C48  1.437(4)  
C4  C5  1.392(4)  C48  C49  1.535(4)  
C4  C9  1.399(4)  C48  C53  1.370(4)  
C5  C6  1.384(4)  C49  C50  1.518(6)  
C6  C7  1.381(4)  C49  C51  1.475(8)  
C7  C8  1.398(4)  C49  C18  1.493(12)  
C7  O10  1.358(3)  C49  C18B  1.626(11)  
C8  C9  1.380(4)  C54  C55  1.454(7)  
O10  C11  1.434(4)  C55  C56  1.354(7)  
C11  C12  1.503(4)  C55  C60  1.395(7)  
C12  C13  1.526(6)  C56  C57  1.456(8)  
C13  C14  1.501(7)  C57  C58  1.293(8)  
C14  C15  1.460(6)  C58  C61  1.449(9)  
C15  C16  1.592(8)  C60  C61  1.330(8)  
C16  C10  1.507(8)  C10  C17B  1.387(11)  
C21  C22  1.381(4)  C10  C17A  1.500(18)  
C22  C23  1.478(4)  C17B  C19B  1.565(13)  
C23  C27  1.399(4)  C17A  C19A  1.35(3)  
 
 
Table 21 Bond Angles for hhbDW169_0m.  
Atom  Atom  Atom  Angle/˚  Atom  Atom  Atom  Angle/˚  
O8  Ru2  N2  105.44(8)  N2  C23  C22  114.7(2)  
O8  Ru2  N3  97.22(9)  N2  C23  C27  121.2(2)  
O8  Ru2  Cl3  90.66(6)  C27  C23  C22  124.1(2)  
N1  Ru2  O8  175.21(9)  N2  C24  C25  121.8(3)  
N1  Ru2  N2  78.08(9)  C24  C25  C26  119.4(3)  
N1  Ru2  N3  79.53(9)  C25  C26  C27  119.7(3)  
N1  Ru2  Cl3  92.69(7)  C26  C27  C23  118.6(3)  
N2  Ru2  Cl3  88.56(6)  N3  C28  C1  114.4(2)  
N3  Ru2  N2  157.01(9)  N3  C28  C32  121.7(2)  
N3  Ru2  Cl3  87.33(7)  C32  C28  C1  123.9(2)  
N33  Ru2  O8  78.66(8)  N3  C29  C30  122.2(3)  
N33  Ru2  N1  98.32(9)  C29  C30  C31  119.2(3)  
N33  Ru2  N2  88.88(9)  C32  C31  C30  119.0(3)  
N33  Ru2  N3  99.48(9)  C28  C32  C31  119.4(3)  
N33  Ru2  Cl3  167.93(7)  C34  N33  Ru2  122.70(17)  
C41  O8  Ru2  115.11(17)  C40  N33  Ru2  116.78(19)  
F2  P2  F7  89.57(18)  C40  N33  C34  119.3(2)  
F2  P2  F5  89.88(16)  C35  C34  N33  119.6(3)  
F2  P2  F6  88.91(16)  C35  C34  C39  121.4(3)  
F3  P2  F7  88.31(17)  C39  C34  N33  119.0(3)  
F3  P2  F2  177.8(2)  C34  C35  C36  118.8(3)  
F3  P2  F5  90.51(17)  C37  C36  C35  120.2(3)  
F3  P2  F6  90.61(17)  C38  C37  C36  120.6(3)  
F4  P2  F7  178.7(2)  C37  C38  C39  119.9(4)  
F4  P2  F2  89.2(2)  C34  C39  C38  119.2(3)  
F4  P2  F3  92.9(2)  N33  C40  C41  112.7(2)  
F4  P2  F5  92.09(18)  N33  C40  C53  125.9(3)  
F4  P2  F6  90.25(18)  C53  C40  C41  121.4(2)  
F5  P2  F7  87.31(14)  O8  C41  C40  116.6(2)  
F6  P2  F7  90.32(16)  O8  C41  C42  123.9(2)  
F6  P2  F5  177.35(18)  C40  C41  C42  119.5(2)  
C1  N1  Ru2  118.60(18)  C41  C42  C43  120.6(2)  
C22  N1  Ru2  120.59(19)  C47  C42  C41  115.7(3)  
C22  N1  C1  120.8(2)  C47  C42  C43  123.7(2)  
C23  N2  Ru2  114.58(18)  C42  C43  C44  107.8(3)  
C24  N2  Ru2  126.12(19)  C42  C43  C45  111.4(2)  
C24  N2  C23  119.2(2)  C42  C43  C46  111.4(2)  
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C28  N3  Ru2  113.86(18)  C45  C43  C44  109.9(3)  
C29  N3  Ru2  127.6(2)  C46  C43  C44  108.6(3)  
C29  N3  C28  118.5(3)  C46  C43  C45  107.7(3)  
N1  C1  C2  120.6(3)  C42  C47  C48  125.2(3)  
N1  C1  C28  113.4(2)  C47  C48  C49  118.3(3)  
C2  C1  C28  126.0(3)  C53  C48  C47  119.1(3)  
C1  C2  C3  120.0(3)  C53  C48  C49  122.6(3)  
C2  C3  C4  119.7(3)  C48  C49  C18B  110.6(4)  
C21  C3  C2  117.5(2)  C50  C49  C48  109.9(3)  
C21  C3  C4  122.7(3)  C50  C49  C18B  98.3(5)  
C5  C4  C3  122.7(3)  C51  C49  C48  108.9(4)  
C5  C4  C9  116.5(3)  C51  C49  C50  108.2(4)  
C9  C4  C3  120.6(3)  C51  C49  C18  87.9(8)  
C6  C5  C4  122.7(3)  C51  C49  C18B  120.1(6)  
C7  C6  C5  119.7(3)  C18  C49  C48  110.5(5)  
C6  C7  C8  119.1(3)  C18  C49  C50  128.1(7)  
O10  C7  C6  125.8(3)  C18  C49  C18B  36.6(7)  
O10  C7  C8  115.1(3)  C48  C53  C40  118.9(3)  
C9  C8  C7  120.3(3)  C56  C55  C54  123.0(6)  
C8  C9  C4  121.7(3)  C56  C55  C60  118.3(6)  
C7  O10  C11  119.1(2)  C60  C55  C54  118.6(6)  
O10  C11  C12  107.0(3)  C55  C56  C57  118.2(5)  
C11  C12  C13  117.4(3)  C58  C57  C56  123.9(7)  
C14  C13  C12  115.2(4)  C57  C58  C61  116.0(6)  
C15  C14  C13  112.3(4)  C61  C60  C55  122.1(6)  
C14  C15  C16  111.2(4)  C60  C61  C58  121.1(6)  
C10  C16  C15  117.3(6)  C17B  C10  C16  112.3(6)  
C22  C21  C3  120.3(3)  C17B  C10  C17A  56.7(9)  
N1  C22  C21  120.8(3)  C17A  C10  C16  144.0(9)  
N1  C22  C23  111.9(2)  C10  C17B  C19B  110.2(8)  
C21  C22  C23  127.3(3)  C19A  C17A  C10  130.1(16)  
 
Table 22 Torsion Angles for hhbDW169_0m.  
A  B  C  D  Angle/˚  A  B  C  D  Angle/˚  
Ru2  O8  C41  C40  -4.8(3)  C15  C16  C10  C17A  -144.4(16)  
Ru2  O8  C41  C42  177.5(2)  C16  C10  C17B  C19B  -175.7(11)  
Ru2  N1  C1  C2  179.6(2)  C16  C10  C17A  C19A  -162(3)  
Ru2  N1  C1  C28  -2.6(3)  C21  C3  C4  C5  -10.1(4)  
Ru2  N1  C22  C21  178.58(19)  C21  C3  C4  C9  165.7(3)  
Ru2  N1  C22  C23  0.8(3)  C21  C22  C23  N2  -175.2(3)  
Ru2  N2  C23  C22  -4.2(3)  C21  C22  C23  C27  4.7(4)  
Ru2  N2  C23  C27  175.8(2)  C22  N1  C1  C2  0.3(4)  
Ru2  N2  C24  C25  -175.3(2)  C22  N1  C1  C28  178.1(2)  
Ru2  N3  C28  C1  3.6(3)  C22  C23  C27  C26  -179.9(3)  
Ru2  N3  C28  C32  -178.8(2)  C23  N2  C24  C25  1.1(4)  
Ru2  N3  C29  C30  179.9(2)  C24  N2  C23  C22  179.0(2)  
Ru2  N33  C34  C35  74.3(3)  C24  N2  C23  C27  -1.0(4)  
Ru2  N33  C34  C39  -102.7(3)  C24  C25  C26  C27  -0.5(4)  
Ru2  N33  C40  C41  -2.2(3)  C25  C26  C27  C23  0.6(4)  
Ru2  N33  C40  C53  176.0(2)  C28  N3  C29  C30  -1.4(4)  
O8  Ru2  N1  C1  -43.9(11)  C28  C1  C2  C3  -175.6(3)  
O8  Ru2  N1  C22  135.4(10)  C29  N3  C28  C1  -175.2(2)  
O8  Ru2  N2  C23  -173.08(17)  C29  N3  C28  C32  2.3(4)  
O8  Ru2  N2  C24  3.4(2)  C29  C30  C31  C32  1.3(5)  
O8  Ru2  N3  C28  172.56(18)  C30  C31  C32  C28  -0.4(5)  
O8  Ru2  N3  C29  -8.7(2)  N33  Ru2  O8  C41  2.79(19)  
O8  Ru2  N33  C34  167.3(2)  N33  Ru2  N1  C1  -94.6(2)  
O8  Ru2  N33  C40  -0.2(2)  N33  Ru2  N1  C22  84.7(2)  
O8  C41  C42  C43  -5.4(4)  N33  Ru2  N2  C23  -95.16(18)  
O8  C41  C42  C47  172.9(3)  N33  Ru2  N2  C24  81.3(2)  
N1  Ru2  O8  C41  -48.5(11)  N33  Ru2  N3  C28  92.91(19)  
N1  Ru2  N2  C23  3.58(17)  N33  Ru2  N3  C29  -88.4(2)  
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N1  Ru2  N2  C24  -179.9(2)  N33  C34  C35  C36  -177.6(3)  
N1  Ru2  N3  C28  -3.88(18)  N33  C34  C39  C38  177.9(3)  
N1  Ru2  N3  C29  174.9(2)  N33  C40  C41  O8  4.6(4)  
N1  Ru2  N33  C34  -16.5(2)  N33  C40  C41  C42  -177.6(2)  
N1  Ru2  N33  C40  176.1(2)  N33  C40  C53  C48  -178.2(3)  
N1  C1  C2  C3  1.8(4)  C34  N33  C40  C41  -170.1(2)  
N1  C1  C28  N3  -0.8(3)  C34  N33  C40  C53  8.1(4)  
N1  C1  C28  C32  -178.3(3)  C34  C35  C36  C37  0.1(6)  
N1  C22  C23  N2  2.3(3)  C35  C34  C39  C38  1.0(5)  
N1  C22  C23  C27  -177.7(2)  C35  C36  C37  C38  0.1(7)  
N2  Ru2  O8  C41  88.4(2)  C36  C37  C38  C39  0.2(7)  
N2  Ru2  N1  C1  178.3(2)  C37  C38  C39  C34  -0.7(6)  
N2  Ru2  N1  C22  -2.4(2)  C39  C34  C35  C36  -0.7(5)  
N2  Ru2  N3  C28  -17.1(3)  C40  N33  C34  C35  -118.5(3)  
N2  Ru2  N3  C29  161.6(2)  C40  N33  C34  C39  64.5(4)  
N2  Ru2  N33  C34  61.3(2)  C40  C41  C42  C43  177.0(3)  
N2  Ru2  N33  C40  -106.2(2)  C40  C41  C42  C47  -4.7(4)  
N2  C23  C27  C26  0.1(4)  C41  C40  C53  C48  -0.1(5)  
N2  C24  C25  C26  -0.4(4)  C41  C42  C43  C44  67.5(3)  
N3  Ru2  O8  C41  -95.5(2)  C41  C42  C43  C45  -53.1(4)  
N3  Ru2  N1  C1  3.59(19)  C41  C42  C43  C46  -173.4(3)  
N3  Ru2  N1  C22  -177.1(2)  C41  C42  C47  C48  1.7(5)  
N3  Ru2  N2  C23  16.9(3)  C42  C47  C48  C49  -177.9(3)  
N3  Ru2  N2  C24  -166.6(2)  C42  C47  C48  C53  2.2(5)  
N3  Ru2  N33  C34  -97.2(2)  C43  C42  C47  C48  180.0(3)  
N3  Ru2  N33  C40  95.4(2)  C47  C42  C43  C44  -110.7(3)  
N3  C28  C32  C31  -1.4(4)  C47  C42  C43  C45  128.7(3)  
N3  C29  C30  C31  -0.4(5)  C47  C42  C43  C46  8.3(4)  
C1  N1  C22  C21  -2.2(4)  C47  C48  C49  C50  -52.8(5)  
C1  N1  C22  C23  -179.9(2)  C47  C48  C49  C51  65.6(5)  
C1  C2  C3  C4  173.2(2)  C47  C48  C49  C18  160.5(9)  
C1  C2  C3  C21  -2.1(4)  C47  C48  C49  C18B  -160.3(5)  
C1  C28  C32  C31  175.9(3)  C47  C48  C53  C40  -2.9(5)  
C2  C1  C28  N3  176.8(3)  C49  C48  C53  C40  177.2(3)  
C2  C1  C28  C32  -0.7(4)  C53  C40  C41  O8  -173.7(3)  
C2  C3  C4  C5  175.0(3)  C53  C40  C41  C42  4.1(4)  
C2  C3  C4  C9  -9.3(4)  C53  C48  C49  C50  127.1(4)  
C2  C3  C21  C22  0.3(4)  C53  C48  C49  C51  -114.5(5)  
C3  C4  C5  C6  174.1(3)  C53  C48  C49  C18  -19.6(10)  
C3  C4  C9  C8  -175.1(3)  C53  C48  C49  C18B  19.6(7)  
C3  C21  C22  N1  1.8(4)  C54  C55  C56  C57  174.4(5)  
C3  C21  C22  C23  179.2(3)  C54  C55  C60  C61  -179.3(5)  
C4  C3  C21  C22  -174.8(2)  C55  C56  C57  C58  6.1(8)  
C4  C5  C6  C7  1.2(5)  C55  C60  C61  C58  4.1(9)  
C5  C4  C9  C8  0.9(5)  C56  C55  C60  C61  -2.7(8)  
C5  C6  C7  C8  0.5(5)  C56  C57  C58  C61  -4.7(8)  
C5  C6  C7  O10  -179.4(3)  C57  C58  C61  C60  -0.3(8)  
C6  C7  C8  C9  -1.4(5)  C60  C55  C56  C57  -2.1(7)  
C6  C7  O10  C11  4.8(5)  Cl3  Ru2  O8  C41  177.12(19)  
C7  C8  C9  C4  0.7(6)  Cl3  Ru2  N1  C1  90.38(19)  
C7  O10  C11  C12  173.0(3)  Cl3  Ru2  N1  C22  -90.3(2)  
C8  C7  O10  C11  -175.1(3)  Cl3  Ru2  N2  C23  96.64(17)  
C9  C4  C5  C6  -1.8(5)  Cl3  Ru2  N2  C24  -86.9(2)  
O10  C7  C8  C9  178.5(3)  Cl3  Ru2  N3  C28  -97.12(18)  
O10  C11  C12  C13  -52.1(5)  Cl3  Ru2  N3  C29  81.6(2)  
C11  C12  C13  C14  -70.9(5)  Cl3  Ru2  N33  C34  139.1(3)  
C12  C13  C14  C15  -70.6(5)  Cl3  Ru2  N33  C40  -28.4(5)  
C13  C14  C15  C16  -171.4(4)  C17B  C10  C17A  C19A  115(3) 
C14  C15  C16  C10  177.8(5)  C17A  C10  C17B  C19B  -34.8(12)  
C15 C16C10 C17B-80.8(10) 
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Table 23 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters (Å2×103) for hhbDW169_0m.  
Atom  x  y  z  U(eq)  
H2  5192  6679  4933  23  
H5  8169  7579  4782  29  
H6  9945  6236  5401  29  
H8  8450  4205  6128  40  
H9  6673  5567  5534  42  
H11A  11263  4939  6448  37  
H11B  11657  4571  5783  37  
H12A  12990  3443  6881  53  
H12B  12510  2827  6566  53  
H13A  11227  2816  7477  63  
H13B  12562  2105  7797  63  
H14A  11376  4159  7791  75  
H14B  11515  3114  8479  75  
H15A  13315  3657  7912  69  
H15B  13544  2519  8525  69  
H16A  12366  4481  8735  114  
H16B  12540  3362  9341  114  
H21  6493  8855  4487  22  
H24  2007  12679  3450  24  
H25  3227  13520  3240  28  
H26  5223  12517  3483  27  
H27  5972  10666  3953  22  
H29  218  9634  4221  26  
H30  40  8049  4659  33  
H31  1709  6448  5013  36  
H32  3525  6490  4952  28  
H35  3485  8740  2960  31  
H36  5179  8181  2443  52  
H37  5881  9393  1749  64  
H38  4922  11151  1561  52  
H39  3234  11721  2084  32  
H44A  -817  13141  3568  52  
H44B  -2166  13856  3492  52  
H44C  -1470  14152  2825  52  
H45A  -2035  11483  3356  38  
H45B  -2599  12235  3787  38  
H45C  -1231  11567  3913  38  
H46A  -2975  14188  2048  48  
H46B  -3600  13747  2717  48  
H46C  -3142  13141  2181  48  
H47  -1735  13302  1488  28  
H50A  -1338  12079  505  106  
H50B  -1607  13067  -257  106  
H50C  -2129  13248  448  106  
H51A  -1181  14378  509  160  
H51B  -1025  14399  -300  160  
H51C  59  14133  244  160  
H53  1562  11425  1430  28  
H54A  1328  8688  2388  135  
H54B  950  7736  2614  135  
H54C  1297  8052  3233  135  
H56  -215  10385  1922  61  
H57  -2248  11430  1750  103  
H58  -3418  10850  2465  94  
H60  -735  7949  3362  85  
H61  -2602  9017  3309  100  
H18A  1194  12913  388  138  
H18B  475  13228  -377  138  
H18C  1056  12022  193  138  
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H18D  1282  12158  217  71  
H18E  269  12432  -384  71  
H18F  583  11444  384  71  
H10A  14488  3763  8918  113  
H10B  13808  4141  9521  113  
H17A  14863  2085  9616  112  
H17B  14112  2437  10207  112  
H19A  16115  2862  9854  209  
H19B  16198  1833  10537  209  
H19C  15443  2981  10530  209  
H17C  14008  3800  10245  124  
H17D  14854  2658  10311  124  
H19D  16181  2929  10422  193  
H19E  15323  4060  10406  193  
H19F  15750  3945  9664  193  
 
  
213 
 
Chapter 5: X-ray crystal structure data for Complex 3 
X-ray crystal structure was solved by Dr. Richard J. Staples in Center Crystallographic for Research, Michigan State 
University, Department of Chemistry, East Lansing, MI 48824 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. X-ray crystal structure of complex 3 (chapter 5) 
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Table 1 Crystal data and structure refinement for DW183B1  
Identification code  DW183B1  
Empirical formula  C48.5H69ClN3O6.5RuS  
Formula weight  966.65  
Temperature/K  173.15  
Crystal system  triclinic  
Space group  P-1  
a/Å  11.0100(7)  
b/Å  11.3827(7)  
c/Å  21.1257(13)  
α/°  98.8390(10)  
β/°  96.3450(10)  
γ/°  109.4350(10)  
Volume/Å3  2429.6(3)  
Z  2  
ρcalcmg/mm
3  1.321  
m/mm-1  0.471  
F(000)  1020.0  
Crystal size/mm3  0.298 × 0.183 × 0.04  
2Θ range for data collection  3.88 to 50.78°  
Index ranges  -13 ≤ h ≤ 13, -13 ≤ k ≤ 13, -25 ≤ l ≤ 25  
Reflections collected  40401  
exptl absorpt T max, min  0.7452, 0.6978  
Independent reflections  8906[R(int) = 0.0498]  
Data/restraints/parameters  8906/20/585  
2Θ 25.39 fraction collected  0.996  
Goodness-of-fit on F2  1.045  
Final R indexes [I>=2σ (I)]  R1 = 0.0417, wR2 = 0.1001  
Final R indexes [all data]  R1 = 0.0547, wR2 = 0.1084  
Largest diff. peak/hole / e Å-3  0.88/-1.26  
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Table 25 Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement Parameters (Å2×103) 
for DW183B1. Ueq is defined as 1/3 of of the trace of the orthogonalised UIJ tensor. 
Atom x y z U(eq) 
C1 4621(3) 279(3) 2860.4(15) 22.7(7) 
C2 3388(3) 168(3) 2498.9(14) 20.6(6) 
C3 3112(3) -276(3) 1812.3(15) 26.4(7) 
C4 4084(3) -539(3) 1528.3(16) 30.7(8) 
C5 5321(3) -411(3) 1874.1(16) 29.1(7) 
C6 5563(3) -17(3) 2539.7(15) 26.1(7) 
C7 1785(4) -442(4) 1420.4(16) 36.6(9) 
C8 1575(4) 839(4) 1501.8(18) 43.5(10) 
C9 693(4) -1417(4) 1657(2) 47.3(10) 
C10 1703(5) -919(5) 692.8(19) 62.9(14) 
C11 6356(4) -710(4) 1520.0(18) 39.0(9) 
C12A 7760(30) -50(30) 1991(15) 60(4) 
C12B 7653(7) 377(8) 1739(4) 62(2) 
C13A 6040(30) -2060(30) 1386(15) 59(3) 
C13B 6490(8) -1952(7) 1701(4) 58(2) 
C14A 6450(30) -180(40) 921(13) 69(3) 
C14B 5973(8) -952(10) 770(3) 68(2) 
C15 1791(3) -1443(3) 3987.1(15) 22.8(7) 
C16 1396(3) -2375(3) 4344.0(16) 25.9(7) 
C17 1955(3) -2132(3) 4988.6(16) 26.4(7) 
C18 2897(3) -956(3) 5265.1(15) 22.9(7) 
C19 3251(3) -49(3) 4890.8(14) 18.1(6) 
C20 4227(3) 1245(3) 5138.3(14) 18.6(6) 
C21 4962(3) 1728(3) 5754.1(14) 19.7(6) 
C22 5871(3) 2981(3) 5910.1(14) 19.5(6) 
C23 6006(3) 3685(3) 5416.1(14) 19.8(6) 
C24 5261(3) 3163(3) 4806.3(14) 18.4(6) 
C25 5308(3) 3779(3) 4237.9(14) 19.2(6) 
C26 6133(3) 4999(3) 4248.9(15) 23.7(7) 
C27 6098(3) 5498(3) 3687.9(16) 27.7(7) 
C28 5249(3) 4749(3) 3134.7(16) 27.4(7) 
C29 4456(3) 3536(3) 3146.0(15) 25.2(7) 
C30 527(3) 1562(4) 3354.1(17) 36.8(9) 
C31 828(3) 1143(3) 4591.5(17) 33.0(8) 
C32 6671(3) 3541(3) 6564.6(15) 21.8(7) 
C33 6311(3) 3031(3) 7108.3(15) 27.6(7) 
C34 7066(3) 3544(3) 7716.8(15) 30.1(8) 
C35 8209(3) 4602(3) 7805.2(15) 26.8(7) 
C36 8565(3) 5137(3) 7276.1(16) 29.0(8) 
C37 7811(3) 4602(3) 6668.7(16) 27.2(7) 
C38 10037(3) 6178(3) 8546.0(16) 32.6(8) 
C39 10767(4) 6332(3) 9219.9(17) 36.2(9) 
C40 11270(4) 5264(4) 9288.9(17) 37.3(9) 
C41 12151(4) 5469(4) 9933.3(17) 37.3(9) 
C42 12668(4) 4400(4) 9980.6(17) 38.7(9) 
C43 13560(4) 4602(4) 10617.7(17) 39.9(9) 
C44 14156(4) 3591(4) 10661.6(18) 40.1(9) 
C45 14985(5) 3793(4) 11318(2) 53.3(11) 
C46 15623(5) 2813(5) 11375(3) 70.2(14) 
N1 2705(2) -294(2) 4247.9(11) 18.7(5) 
N2 4363(2) 1966(2) 4681.9(11) 17.2(5) 
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N3 4468(2) 3042(2) 3686.2(12) 20.2(5) 
O1 4825(2) 645(2) 3492.3(9) 21.8(5) 
O2 2571(2) 482(2) 2837.5(10) 23.3(5) 
O3 8913(2) 5022(2) 8421.8(10) 34.0(6) 
O4 2165(2) 3304(2) 4317.0(11) 31.9(5) 
S1 1762.7(7) 1927.0(7) 4044.4(4) 20.95(17) 
Ru1 3367.2(2) 1241.7(2) 3798.51(11) 17.61(9) 
C2S 7844(7) 3208(7) 3341(4) 28.1(16) 
C2SB 8070(20) 3410(20) 3160(10) 163(10) 
O2S 8797(10) 4379(10) 3663(5) 88(3) 
O2SB 8994(18) 3948(18) 3695(9) 180(8) 
C3S 10040(20) 5760(20) 5761(9) 221(11) 
O3S 9435(6) 5358(6) 5151(3) 58.3(16) 
C1S 8575(6) 6261(5) 2492(2) 71.2(15) 
O1S 8933(4) 6510(4) 3153.0(18) 89.3(13) 
Cl1A 8133(5) 8636(3) 3615.5(14) 43.4(3) 
Cl1B 7848(4) 8804(3) 3576.6(13) 43.4(3) 
  
Table 26 Anisotropic Displacement Parameters (Å2×103) for DW183B1. The Anisotropic displacement factor 
exponent takes the form: -2π2[h2a*2U11+...+2hka×b×U12] 
Atom U11 U22 U33 U23 U13 U12 
C1 25.5(17) 21.5(16) 22.6(16) 6.3(13) 3.4(13) 9.5(14) 
C2 23.2(16) 16.9(15) 20.8(15) 2.5(12) 3.0(13) 6.6(13) 
C3 29.0(18) 26.8(17) 21.7(16) 2.0(13) 1.8(14) 9.9(15) 
C4 39(2) 31.9(19) 19.3(16) -0.8(14) 3.9(15) 13.3(16) 
C5 29.6(19) 27.9(18) 31.2(18) 4.5(14) 9.0(15) 11.4(15) 
C6 26.3(18) 29.9(18) 24.6(17) 5.3(14) 5.2(14) 13.2(15) 
C7 36(2) 48(2) 20.7(17) -3.3(16) -1.8(15) 15.5(18) 
C8 42(2) 58(3) 35(2) 12.0(19) -0.2(17) 24(2) 
C9 30(2) 45(2) 51(2) -5.9(19) -6.0(18) 3.3(18) 
C10 54(3) 102(4) 27(2) -11(2) -10.6(19) 37(3) 
C11 41(2) 44(2) 35(2) 0.6(17) 14.4(17) 20.2(19) 
C12A 36(4) 71(7) 67(7) -3(5) 37(5) 11(5) 
C12B 39(3) 72(5) 69(6) -1(3) 34(4) 9(3) 
C13A 64(6) 63(5) 65(7) 4(6) 23(5) 43(5) 
C13B 63(5) 64(4) 63(5) 4(4) 22(4) 44(4) 
C14A 68(6) 110(9) 35(5) -3(6) 21(5) 46(6) 
C14B 66(5) 110(7) 36(4) -6(4) 20(3) 46(5) 
C15 20.6(16) 21.2(16) 24.5(16) -0.6(13) -0.2(13) 8.3(13) 
C16 20.5(17) 18.5(16) 34.4(18) 0.7(14) 2.3(14) 4.3(13) 
C17 27.0(18) 22.0(16) 32.1(18) 9.9(14) 8.4(14) 8.2(14) 
C18 20.9(16) 24.2(16) 23.6(16) 5.4(13) 3.1(13) 7.9(14) 
C19 16.3(15) 17.7(15) 21.0(15) 1.5(12) 3.4(12) 7.9(12) 
C20 18.2(15) 17.3(15) 21.5(15) 3.9(12) 4.2(12) 7.5(13) 
C21 20.0(16) 19.6(15) 20.6(15) 5.2(12) 5.1(12) 7.5(13) 
C22 19.0(16) 20.6(15) 20.0(15) 1.4(12) 3.3(12) 9.6(13) 
C23 20.8(16) 15.2(14) 21.4(15) 0.9(12) 1.9(12) 5.5(13) 
C24 18.2(15) 16.9(15) 22.7(15) 5.9(12) 5.1(12) 8.0(12) 
C25 17.2(15) 21.5(15) 20.7(15) 3.8(12) 3.8(12) 9.2(13) 
C26 21.5(17) 23.6(16) 25.4(16) 2.9(13) 6.5(13) 7.3(14) 
C27 28.8(18) 22.1(17) 34.5(19) 9.5(14) 12.6(15) 8.2(14) 
C28 35.2(19) 29.4(18) 24.0(17) 12.9(14) 12.0(14) 14.3(15) 
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C29 26.0(18) 30.2(18) 20.7(16) 5.6(13) 3.5(13) 11.9(15) 
C30 27.8(19) 52(2) 30.5(19) 4.5(17) -6.2(15) 20.0(18) 
C31 29.7(19) 36(2) 41(2) 12.0(16) 16.5(16) 16.0(16) 
C32 24.0(17) 21.2(16) 21.5(16) 2.1(12) 1.6(13) 11.4(13) 
C33 27.9(18) 23.7(17) 25.1(17) 2.7(14) 0.4(14) 3.4(14) 
C34 35(2) 32.6(19) 19.6(16) 6.1(14) 1.8(14) 8.6(16) 
C35 28.1(18) 28.1(18) 21.6(16) -0.4(13) -2.3(14) 11.0(15) 
C36 24.3(18) 27.1(18) 27.4(18) 4.0(14) -2.8(14) 1.5(14) 
C37 25.7(18) 26.6(17) 25.4(17) 6.8(14) 1.1(14) 4.6(14) 
C38 29.2(19) 30.8(19) 26.6(18) -0.6(15) -7.6(15) 3.0(15) 
C39 33(2) 38(2) 27.3(18) -4.3(15) -4.5(15) 7.2(17) 
C40 34(2) 45(2) 25.9(18) -1.4(16) -4.1(15) 11.9(18) 
C41 33(2) 43(2) 27.7(18) 1.9(16) -1.1(15) 7.9(17) 
C42 37(2) 47(2) 27.5(19) 0.7(16) 0.7(16) 13.1(18) 
C43 42(2) 49(2) 27.7(19) 3.7(17) 1.8(16) 18.0(19) 
C44 39(2) 48(2) 33(2) 10.5(17) 6.9(17) 12.6(19) 
C45 55(3) 58(3) 45(2) 15(2) -2(2) 20(2) 
C46 64(3) 73(3) 80(4) 35(3) 0(3) 28(3) 
N1 19.6(13) 19.0(13) 17.2(12) 1(1) 0.6(10) 8.3(11) 
N2 17.7(13) 16.9(12) 18.4(12) 3.4(10) 3.9(10) 7.8(10) 
N3 18.5(13) 23.0(14) 20.8(13) 5.3(11) 4.8(10) 9.0(11) 
O1 22.2(11) 28.6(12) 16.1(11) 2.4(9) 1.7(9) 12.5(10) 
O2 22.9(12) 25.2(12) 21.1(11) 2.9(9) 1.7(9) 9.2(10) 
O3 31.3(13) 39.1(14) 20.5(12) 2.4(10) -5(1) 2.9(11) 
O4 34.5(14) 22.7(12) 38.4(14) 1.6(10) 7.5(11) 11.6(11) 
S1 18.6(4) 21.7(4) 22.1(4) 3.6(3) 2.6(3) 7.4(3) 
Ru1 17.66(14) 18.13(14) 16.02(13) 2.27(9) 1.13(9) 6.15(10) 
C1S 83(4) 79(4) 52(3) -1(3) 9(3) 36(3) 
O1S 68(2) 125(4) 69(2) -15(2) -1.7(19) 46(3) 
  
Table 27 Bond Lengths for DW183B1. 
Atom Atom Length/Å   Atom Atom Length/Å 
C1 C2 1.438(4)   C26 C27 1.393(4) 
C1 C6 1.402(4)   C27 C28 1.374(5) 
C1 O1 1.306(4)   C28 C29 1.372(5) 
C2 C3 1.424(4)   C29 N3 1.348(4) 
C2 O2 1.314(4)   C30 S1 1.774(3) 
C3 C4 1.376(5)   C31 S1 1.777(3) 
C3 C7 1.535(5)   C32 C33 1.402(4) 
C4 C5 1.423(5)   C32 C37 1.390(4) 
C5 C6 1.376(4)   C33 C34 1.376(4) 
C5 C11 1.531(5)   C34 C35 1.393(5) 
C7 C8 1.539(5)   C35 C36 1.386(5) 
C7 C9 1.530(6)   C35 O3 1.366(4) 
C7 C10 1.532(5)   C36 C37 1.376(4) 
C11 C12A 1.61(3)   C38 C39 1.510(5) 
C11 C12B 1.512(8)   C38 O3 1.439(4) 
C11 C13A 1.43(3)   C39 C40 1.513(5) 
C11 C13B 1.569(8)   C40 C41 1.520(5) 
C11 C14A 1.48(3)   C41 C42 1.515(5) 
C11 C14B 1.550(7)   C42 C43 1.514(5) 
C15 C16 1.376(4)   C43 C44 1.511(5) 
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C15 N1 1.344(4)   C44 C45 1.514(5) 
C16 C17 1.377(5)   C45 C46 1.515(6) 
C17 C18 1.382(4)   N1 Ru1 2.075(2) 
C18 C19 1.376(4)   N2 Ru1 1.959(2) 
C19 C20 1.478(4)   N3 Ru1 2.070(2) 
C19 N1 1.370(4)   O1 Ru1 2.068(2) 
C20 C21 1.379(4)   O2 Ru1 2.050(2) 
C20 N2 1.349(4)   O4 S1 1.479(2) 
C21 C22 1.406(4)   S1 Ru1 2.2348(8) 
C22 C23 1.402(4)   C2S O2S 1.404(10) 
C22 C32 1.476(4)   C2SB O2SB 1.345(15) 
C23 C24 1.376(4)   O2S C3S1 1.74(2) 
C24 C25 1.478(4)   C3S O2S1 1.74(2) 
C24 N2 1.356(4)   C3S O3S 1.318(16) 
C25 C26 1.379(4)   O3S O3S1 1.818(12) 
C25 N3 1.365(4)   C1S O1S 1.367(6) 
                          12-X,1-Y,1-Z 
  
Table 28 Bond Angles for DW183B1. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C6 C1 C2 120.5(3)   N3 C25 C24 114.9(3) 
O1 C1 C2 118.1(3)   N3 C25 C26 121.4(3) 
O1 C1 C6 121.4(3)   C25 C26 C27 119.4(3) 
C3 C2 C1 119.6(3)   C28 C27 C26 118.8(3) 
O2 C2 C1 116.4(3)   C29 C28 C27 119.7(3) 
O2 C2 C3 124.0(3)   N3 C29 C28 122.3(3) 
C2 C3 C7 120.4(3)   C33 C32 C22 121.6(3) 
C4 C3 C2 116.8(3)   C37 C32 C22 121.3(3) 
C4 C3 C7 122.7(3)   C37 C32 C33 117.1(3) 
C3 C4 C5 124.5(3)   C34 C33 C32 121.5(3) 
C4 C5 C11 121.3(3)   C33 C34 C35 120.1(3) 
C6 C5 C4 118.1(3)   C36 C35 C34 119.2(3) 
C6 C5 C11 120.6(3)   O3 C35 C34 115.9(3) 
C5 C6 C1 120.3(3)   O3 C35 C36 124.8(3) 
C3 C7 C8 110.1(3)   C37 C36 C35 120.0(3) 
C9 C7 C3 109.4(3)   C36 C37 C32 122.0(3) 
C9 C7 C8 110.0(3)   O3 C38 C39 107.7(3) 
C9 C7 C10 108.1(3)   C38 C39 C40 113.0(3) 
C10 C7 C3 111.7(3)   C39 C40 C41 114.5(3) 
C10 C7 C8 107.6(3)   C42 C41 C40 113.2(3) 
C5 C11 C12A 108.9(10)   C43 C42 C41 113.7(3) 
C5 C11 C13B 107.9(4)   C44 C43 C42 114.8(3) 
C5 C11 C14B 112.4(4)   C43 C44 C45 113.0(3) 
C12B C11 C5 109.7(4)   C44 C45 C46 114.5(4) 
C12B C11 C12A 29.4(10)   C15 N1 C19 118.5(3) 
C12B C11 C13B 109.5(5)   C15 N1 Ru1 127.5(2) 
C12B C11 C14B 109.4(5)   C19 N1 Ru1 113.91(19) 
C13A C11 C5 108.7(12)   C20 N2 C24 121.1(3) 
C13A C11 C12A 108.5(15)   C20 N2 Ru1 120.1(2) 
C13A C11 C12B 131.2(12)   C24 N2 Ru1 118.55(19) 
C13A C11 C13B 28.5(12)   C25 N3 Ru1 113.49(19) 
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C13A C11 C14A 112.2(15)   C29 N3 C25 118.4(3) 
C13A C11 C14B 81.9(12)   C29 N3 Ru1 128.1(2) 
C13B C11 C12A 82.5(12)   C1 O1 Ru1 111.65(18) 
C14A C11 C5 110.9(11)   C2 O2 Ru1 113.03(18) 
C14A C11 C12A 107.6(15)   C35 O3 C38 117.6(3) 
C14A C11 C12B 80.5(13)   C30 S1 C31 100.59(18) 
C14A C11 C13B 133.5(12)   C30 S1 Ru1 111.16(12) 
C14A C11 C14B 32.4(12)   C31 S1 Ru1 115.07(12) 
C14B C11 C12A 131.1(10)   O4 S1 C30 107.21(16) 
C14B C11 C13B 107.9(4)   O4 S1 C31 105.69(15) 
N1 C15 C16 122.1(3)   O4 S1 Ru1 115.77(10) 
C15 C16 C17 119.3(3)   N1 Ru1 S1 92.06(7) 
C16 C17 C18 119.4(3)   N2 Ru1 N1 78.87(10) 
C19 C18 C17 119.3(3)   N2 Ru1 N3 79.82(10) 
C18 C19 C20 123.9(3)   N2 Ru1 O1 92.47(9) 
N1 C19 C18 121.4(3)   N2 Ru1 O2 171.86(9) 
N1 C19 C20 114.7(3)   N2 Ru1 S1 91.48(7) 
C21 C20 C19 127.0(3)   N3 Ru1 N1 158.61(10) 
N2 C20 C19 112.3(3)   N3 Ru1 S1 90.33(7) 
N2 C20 C21 120.6(3)   O1 Ru1 N1 91.67(9) 
C20 C21 C22 120.0(3)   O1 Ru1 N3 87.39(9) 
C21 C22 C32 121.8(3)   O1 Ru1 S1 175.02(6) 
C23 C22 C21 117.4(3)   O2 Ru1 N1 103.41(9) 
C23 C22 C32 120.7(3)   O2 Ru1 N3 97.45(9) 
C24 C23 C22 120.7(3)   O2 Ru1 O1 79.70(8) 
C23 C24 C25 126.8(3)   O2 Ru1 S1 96.22(6) 
N2 C24 C23 120.0(3)   C2S O2S C3S1 113.6(11) 
N2 C24 C25 113.2(3)   O3S C3S O2S1 144.2(19) 
C26 C25 C24 123.7(3)   C3S O3S O3S1 97.5(12) 
                         12-X,1-Y,1-Z 
  
Table 29 Hydrogen Bonds for DW183B1.  
D H A d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 
O1S H1S Cl1A 0.84 2.09 2.910(7) 165.9 
  
Table 30 Torsion Angles for DW183B1. 
A B C D Angle/˚   A B C D Angle/˚ 
C1 C2 C3 C4 -2.1(5)   C22 C32 C33 C34 179.2(3) 
C1 C2 C3 C7 178.0(3)   C22 C32 C37 C36 179.8(3) 
C1 C2 O2 Ru1 6.3(3)   C23 C22 C32 C33 161.1(3) 
C1 O1 Ru1 N1 112.4(2)   C23 C22 C32 C37 -18.6(4) 
C1 O1 Ru1 N2 -168.7(2)   C23 C24 C25 C26 -0.1(5) 
C1 O1 Ru1 N3 -89.0(2)   C23 C24 C25 N3 179.4(3) 
C1 O1 Ru1 O2 9.05(19)   C23 C24 N2 C20 -3.3(4) 
C1 O1 Ru1 S1 -26.2(8)   C23 C24 N2 Ru1 -178.0(2) 
C2 C1 C6 C5 0.3(5)   C24 C25 C26 C27 -179.6(3) 
C2 C1 O1 Ru1 -8.7(3)   C24 C25 N3 C29 -179.8(3) 
C2 C3 C4 C5 0.8(5)   C24 C25 N3 Ru1 -0.7(3) 
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C2 C3 C7 C8 60.2(4)   C24 N2 Ru1 N1 175.8(2) 
C2 C3 C7 C9 -60.8(4)   C24 N2 Ru1 N3 -2.3(2) 
C2 C3 C7 C10 179.6(3)   C24 N2 Ru1 O1 84.6(2) 
C2 O2 Ru1 N1 -97.5(2)   C24 N2 Ru1 O2 68.7(7) 
C2 O2 Ru1 N2 7.9(7)   C24 N2 Ru1 S1 -92.4(2) 
C2 O2 Ru1 N3 77.7(2)   C25 C24 N2 C20 177.3(2) 
C2 O2 Ru1 O1 -8.25(19)   C25 C24 N2 Ru1 2.6(3) 
C2 O2 Ru1 S1 168.86(19)   C25 C26 C27 C28 -0.8(4) 
C3 C2 O2 Ru1 -174.4(2)   C25 N3 Ru1 N1 -3.5(4) 
C3 C4 C5 C6 1.0(5)   C25 N3 Ru1 N2 1.55(19) 
C3 C4 C5 C11 -179.3(3)   C25 N3 Ru1 O1 -91.4(2) 
C4 C3 C7 C8 -119.7(4)   C25 N3 Ru1 O2 -170.69(19) 
C4 C3 C7 C9 119.3(4)   C25 N3 Ru1 S1 93.00(19) 
C4 C3 C7 C10 -0.3(5)   C26 C25 N3 C29 -0.2(4) 
C4 C5 C6 C1 -1.6(5)   C26 C25 N3 Ru1 178.9(2) 
C4 C5 C11 C12A 161.6(13)   C26 C27 C28 C29 0.2(5) 
C4 C5 C11 C12B 130.4(5)   C27 C28 C29 N3 0.5(5) 
C4 C5 C11 C13A -80.4(14)   C28 C29 N3 C25 -0.4(4) 
C4 C5 C11 C13B -110.4(5)   C28 C29 N3 Ru1 -179.4(2) 
C4 C5 C11 C14A 43.4(15)   C29 N3 Ru1 N1 175.5(2) 
C4 C5 C11 C14B 8.4(6)   C29 N3 Ru1 N2 -179.4(3) 
C6 C1 C2 C3 1.6(5)   C29 N3 Ru1 O1 87.6(3) 
C6 C1 C2 O2 -179.1(3)   C29 N3 Ru1 O2 8.3(3) 
C6 C1 O1 Ru1 172.2(2)   C29 N3 Ru1 S1 -88.0(2) 
C6 C5 C11 C12A -18.8(14)   C30 S1 Ru1 N1 -103.77(16) 
C6 C5 C11 C12B -50.0(6)   C30 S1 Ru1 N2 177.32(16) 
C6 C5 C11 C13A 99.2(14)   C30 S1 Ru1 N3 97.49(16) 
C6 C5 C11 C13B 69.2(5)   C30 S1 Ru1 O1 34.8(7) 
C6 C5 C11 C14A -137.0(15)   C30 S1 Ru1 O2 -0.04(16) 
C6 C5 C11 C14B -171.9(5)   C31 S1 Ru1 N1 9.72(15) 
C7 C3 C4 C5 -179.3(3)   C31 S1 Ru1 N2 -69.19(16) 
C11 C5 C6 C1 178.8(3)   C31 S1 Ru1 N3 -149.02(15) 
C15 C16 C17 C18 0.3(5)   C31 S1 Ru1 O1 148.3(7) 
C15 N1 Ru1 N2 177.5(3)   C31 S1 Ru1 O2 113.45(15) 
C15 N1 Ru1 N3 -177.4(2)   C32 C22 C23 C24 180.0(3) 
C15 N1 Ru1 O1 -90.3(2)   C32 C33 C34 C35 0.7(5) 
C15 N1 Ru1 O2 -10.5(3)   C33 C32 C37 C36 0.2(5) 
C15 N1 Ru1 S1 86.4(2)   C33 C34 C35 C36 0.7(5) 
C16 C15 N1 C19 -0.3(4)   C33 C34 C35 O3 -178.2(3) 
C16 C15 N1 Ru1 -177.5(2)   C34 C35 C36 C37 -1.7(5) 
C16 C17 C18 C19 0.4(5)   C34 C35 O3 C38 -174.7(3) 
C17 C18 C19 C20 178.8(3)   C35 C36 C37 C32 1.3(5) 
C17 C18 C19 N1 -1.0(4)   C36 C35 O3 C38 6.4(5) 
C18 C19 C20 C21 3.0(5)   C37 C32 C33 C34 -1.2(5) 
C18 C19 C20 N2 -177.7(3)   C38 C39 C40 C41 172.7(3) 
C18 C19 N1 C15 1.0(4)   C39 C38 O3 C35 -171.1(3) 
C18 C19 N1 Ru1 178.5(2)   C39 C40 C41 C42 -178.5(3) 
C19 C20 C21 C22 178.9(3)   C40 C41 C42 C43 179.3(3) 
C19 C20 N2 C24 -176.6(2)   C41 C42 C43 C44 -176.4(3) 
C19 C20 N2 Ru1 -2.0(3)   C42 C43 C44 C45 -177.1(4) 
C19 N1 Ru1 N2 0.24(19)   C43 C44 C45 C46 -178.7(4) 
C19 N1 Ru1 N3 5.3(4)   N1 C15 C16 C17 -0.3(5) 
C19 N1 Ru1 O1 92.43(19)   N1 C19 C20 C21 -177.2(3) 
C19 N1 Ru1 O2 172.25(18)   N1 C19 C20 N2 2.1(4) 
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C19 N1 Ru1 S1 -90.86(19)   N2 C20 C21 C22 -0.4(4) 
C20 C19 N1 C15 -178.9(2)   N2 C24 C25 C26 179.3(3) 
C20 C19 N1 Ru1 -1.3(3)   N2 C24 C25 N3 -1.1(4) 
C20 C21 C22 C23 -1.3(4)   N3 C25 C26 C27 0.9(4) 
C20 C21 C22 C32 179.5(3)   O1 C1 C2 C3 -177.6(3) 
C20 N2 Ru1 N1 1.1(2)   O1 C1 C2 O2 1.8(4) 
C20 N2 Ru1 N3 -177.1(2)   O1 C1 C6 C5 179.5(3) 
C20 N2 Ru1 O1 -90.2(2)   O2 C2 C3 C4 178.6(3) 
C20 N2 Ru1 O2 -106.0(6)   O2 C2 C3 C7 -1.3(5) 
C20 N2 Ru1 S1 92.9(2)   O3 C35 C36 C37 177.2(3) 
C21 C20 N2 C24 2.7(4)   O3 C38 C39 C40 62.1(4) 
C21 C20 N2 Ru1 177.3(2)   O4 S1 Ru1 N1 133.59(13) 
C21 C22 C23 C24 0.7(4)   O4 S1 Ru1 N2 54.69(13) 
C21 C22 C32 C33 -19.7(4)   O4 S1 Ru1 N3 -25.14(13) 
C21 C22 C32 C37 160.7(3)   O4 S1 Ru1 O1 -87.9(7) 
C22 C23 C24 C25 -179.1(3)   O4 S1 Ru1 O2 -122.67(13) 
C22 C23 C24 N2 1.5(4)   O2S1 C3S O3S O3S1 -16(3) 
                       12-X,1-Y,1-Z 
 Table 8 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement Parameters (Å2×103) for 
DW183B1.  
Atom x y z U(eq) 
H4 3917 -825 1070 37 
H6 6372 55 2783 31 
H8A 1571 1145 1961 65 
H8B 736 728 1241 65 
H8C 2284 1461 1355 65 
H9A 828 -2233 1598 71 
H9B -154 -1527 1406 71 
H9C 707 -1115 2119 71 
H10A 2393 -306 530 94 
H10B 847 -1012 458 94 
H10C 1817 -1745 625 94 
H12A 8073 869 2015 90 
H12B 8389 -399 1816 90 
H12C 7679 -227 2427 90 
H12D 7716 1005 1463 94 
H12E 8367 51 1704 94 
H12F 7716 780 2192 94 
H13A 5190 -2471 1101 89 
H13B 6013 -2366 1795 89 
H13C 6714 -2260 1170 89 
H13D 5718 -2688 1480 87 
H13E 6559 -1887 2173 87 
H13F 7276 -2058 1565 87 
H14A 5617 -586 618 103 
H14B 7150 -339 716 103 
H14C 6641 740 1033 103 
H14D 5031 -1424 642 103 
H14E 6453 -1449 565 103 
H14F 6194 -136 630 103 
H15 1404 -1617 3542 27 
H16 745 -3177 4148 31 
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H17 1696 -2767 5241 32 
H18 3296 -776 5709 28 
H21 4855 1214 6073 24 
H23 6619 4531 5503 24 
H26 6721 5495 4635 28 
H27 6651 6341 3688 33 
H28 5211 5070 2746 33 
H29 3878 3026 2759 30 
H30A -151 1892 3472 55 
H30B 139 638 3201 55 
H30C 912 1956 3007 55 
H31A 1403 1261 5003 49 
H31B 413 233 4401 49 
H31C 152 1504 4672 49 
H33 5528 2315 7056 33 
H34 6807 3175 8077 36 
H36 9330 5872 7333 35 
H37 8078 4970 6310 33 
H38A 9759 6914 8519 39 
H38B 10609 6130 8220 39 
H39A 10178 6368 9538 43 
H39B 11515 7150 9325 43 
H40A 11760 5156 8932 45 
H40B 10512 4465 9237 45 
H41A 12900 6278 9992 45 
H41B 11657 5550 10291 45 
H42A 11918 3594 9926 46 
H42B 13152 4312 9619 46 
H43A 14275 5437 10685 48 
H43B 13056 4637 10976 48 
H44A 14703 3586 10320 48 
H44B 13446 2749 10575 48 
H45A 14429 3783 11657 64 
H45B 15678 4647 11408 64 
H46A 14945 1966 11303 105 
H46B 16146 3013 11810 105 
H46C 16190 2826 11048 105 
H2SA 6991 3303 3267 34 
H2SB 7804 2570 3610 34 
H2SC 8073 2932 2923 34 
H2SD 8476 3228 2786 195 
H2SE 7609 3989 3079 195 
H2SF 7442 2611 3227 195 
H2S 9250 3390 3848 133 
H2SG 8803 4503 3930 270 
H3SA 10806 5517 5818 265 
H3SB 9426 5369 6037 265 
H3SC 10305 6691 5883 265 
H3S 8633 4988 5142 87 
H1SA 8242 6906 2366 107 
H1SB 7891 5418 2348 107 
H1SC 9337 6282 2287 107 
H1S 8842 7192 3314 134 
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ABSTRACT 
DEVELOPMENT OF RUTHENIUM/TERPYRIDINE COMPLEXES FOR 
WATER OXIDATION 
by 
DAKSHIKA C. WANNIARACHCHI 
May 2014 
Advisor: Prof. Cláudio Verani 
Major:    Chemistry (Physical) 
Degree:   Doctor of Philosophy 
The work presented in the dissertation is focused on developing catalysts for 
water oxidation. In this regard, a series of unsysmmetrical ruthenium complexes of type 
[Ru(terpy-R)(phen-X)Cl]PF6 where terpy-R= 4’-(4-methylmercaptophenyl)-2,2’:6’2”-
terpyridine and phen-X=H (1), X= 5-nitro (2), X=5,6-dimethyl (3), and X= 3,4,7,8-
tretramethyl (4) was synthesized as precursors for self-assembled monolayers. Water 
oxidation properties of these complexes were evaluated in the presence of 
(NH4)2[Ce(NO3)6] as the sacrificial oxidant by measuring catalytic turnover number 
(TON) after 24 h of reaction time and rate of dioxygen evolution in solution during early 
stages of catalysis. The results revealed that all complexes 1 – 4 are catalytic towards 
water oxidation. However, the presence of electron-withdrawing nitro substituent on 
phenanthroline dramatically decreased the water oxidation activity (TON 60,  rate of 
dioxygen evolution 2.40 × 10
-4
 µmol O2/s) compared to the complex 1 (TON 410, rate 
8.19 × 10
-4
 µmol O2/s). In contrast, complex 4 with electron-donating methyl substituents 
on phenanthroline indicated enhanced rate of dioxygen evolution (27.3 × 10
-4
 µmol O2/s) 
in solution than complex 1. Furthermore, reactivity of complexes 1 - 4 towards 
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(NH4)2[Ce(NO3)6] followed a trend similar to rate of dioxygen evolution in solution and 
suggests chloride ligand was likely to retain in the coordination sphere during formation 
of high-valent ruthenium species. This is an important study as it challenges the accepted 
mechanism of water oxidation catalysts with halogens as axial ligands. In addition, 
1
H-
NMR and ESI mass analysis of complex 1 isolated after catalysis indicated catalyst core 
remained intact during catalysis. However, the –PhSCH3 substituent on terpyridine was 
oxidized to –PhSO2CH3 in the presence of strong oxidizing environment.  
The need of a sacrificial oxidant such as Ce
IV
 to initiate the catalytic cycle can be 
avoided if a catalyst was deposited on to an electrode surface and activated 
electrochemically. In this regard, use of Langmuir-Blodgett technique to deposit catalyst 
onto a surface was studied. Amphiphilic nature essential for LB film formation was 
introduced to the procatalytic core of [Ru(terpyridine-X)(phenanthroline)Cl]PF6 by long 
alkane chain  attached to the terpyridine(X = C6H6-O(CH2)8CH3). The LB film formation 
indicated that the film collapsed at 50 mN/m. UV-visible spectra and infrared reflection 
absorption spectra (IRRAS) of the complex deposited onto an ITO surface were in good 
agreement with the complex in solution confirming the catalytic core was intact after LB 
deposition process. The complex indicated 86 catalytic turnover cycles during a period of 
24 h in solution in the presence of Ce
IV
 as the sacrificial oxidant. The catalytic wave for 
water oxidation appeared at 1.5 V vs. Ag/AgCl indicating 0.36 V overpotential compared 
standard potential of water oxidation. In addition, catalytic wave increased linearly with 
number of LB monolayers, suggesting catalytic properties were not confined to the outer 
most LB monolayer.    
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In the next series of ruthenium/terpyridine complexes, capping ligand was 
changed to redox non-innocent 3,5-di-tert-butyl-2-(phenylamino)catechol (L
1
) and 3,5-di-
tert-butyl-catechol (L
2
). Following complexes [Ru(Tpy
OC9
)(L
1
)Cl]PF6, 
[Ru(Tpy
OC9
)(L
2
)Cl], and [Ru(Tpy
OC9
)(L
2
)DMSO]Cl were synthesized and characterized. 
The change of ligand architecture to from L
1
 to L
2
 and change in axial ligand from 
chloride to dimethyl sulfoxide resulted in dramatic changes in electronic and redox 
properties. LB isotherm and Brewster angle micrographs of complexes with L
1
 and L
2
 
ligands indicated a uniform monolayer formation. However, UV-visible, redox, and 
IRRAS studies indicated only the complex with L
1
 ligand can be successfully transferred 
onto a substrate. Unfortunately, none of the above mentioned complexes with L
1
 and L
2
 
ligands were catalytic towards water oxidation. 
In summary, studies on ruthenium/terpyridine complexes found that, (i) water 
oxidation properties depends on the nature and the position of electron-
withdrawing/donating substituents on phenanthroline, (ii) LB technique can be used to 
deposit water oxidation catalysts onto a surface, (iii) the complexes with redox non 
innocent ligands indicated that the ligand architecture and the axial ligand coordinated to 
the ruthenium center played a significant role in regulating redox processes and electronic 
spectral properties. 
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